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Foreword

In most parts of the world the treatment of adults with surgically correctable abnormalities
of the thorax and its contents is provided by specially trained thoracic surgeons. On the other
hand, in children pediatric general surgeons usually take on this role because of their training
in the surgical care of sick infants and children, and their experience with the management of
congenital malformations. In an ideal world the treatment of surgical disorders of the thorax
in children would be provided by a super specialist, but this is neither practical nor possible.
This text provides information that will help bridge the gap for a group of conditions often only
encountered rarely by otherwise experienced surgeons.

This book is not designed to be a textbook of operative surgery. Instead the broad scope is to
provide important up to date information and reference material relating to most of the thoracic
surgical conditions seen in childhood. The editors and contributors have ably met their goal
to give the reader the proper medical and surgical principles needed to treat these childhood
conditions.

One can’t help to note the impressive array of authors from around the world. When I first
started out in pediatric surgery only a few pediatric surgeons in a few centers would dare tackle
some of the abnormalities noted in these chapters. Others who dared, because they had no
other choice, often failed. Now it is clear that globalization has truly come to our discipline.
The benefits to children in every corner of the earth cannot be overestimated.

Robert M Filler, MD FRCS(C), OOnt
Professor of Surgery and Pediatrics, Emeritus
University of Toronto

Ontario

Canada

Surgeon-in Chief Emeritus
The Hospital for Sick Children
Toronto, Ontario

Canada



Preface

Most pediatric surgeons operate on the chest. Some operate with confidence, some with trepi-
dation. The concept behind this project was to publish a comprehensive textbook of pediatric
thoracic surgery that would assist surgeons in both groups.

The book includes forty seven chapters which provide a broad coverage of thoracic sur-
gical problems in children including diseases of the lung and pleural space, the esophagus,
mediastinum, diaphragm and chest wall. Chapters on basic science and respiratory medicine
are interspersed with more exclusively surgical chapters partly to gain perspective and partly
because successful management of the more complex thoracic problems in children requires
close collaboration between physicians and surgeons.

Although we wanted to allow the contributing authors a lot of freedom to express their ideas
and experience every effort has been made to achieve a uniform style for each chapter. The
general organisation of text includes historical perspective, incidence, investigations, diagno-
sis, differential diagnosis, management and future perspectives. The chapters are well refer-
enced and, we believe, present a balanced view of contemporary practice.

The editors are experienced paediatric thoracic surgeons from the UK, North America and
Australia. The authors have all been chosen carefully for their recognised expertise and we
are proud to include experts from all corners of the globe. The effort involved in making this
textbook a reality has been exhausting. We hope the final result achieves the original aim.

We would like to acknowledge the thoughtful contributions to the book from all the authors
with much gratitude. We also express our thanks to Melissa Morton, Senior Editor at Springer,
and her editorial assistants, in particular Lauren Stoney, who provided professional support and
encouragement throughout the writing of this book. Finally, we must record our sincere thanks
to Sunil Padman, at SPi Technologies, without whom this book would never have reached
print.
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Fundamental Considerations



1
Applied Anatomy

Dakshesh H. Parikh

Introduction

The thorax is a functional anatomical organ that is airtight,
compliant and continuously active in response to the bodily
demands for oxygen. It provides protection to the thoracic
viscera and support for the upper extremities. Successful thoracic
surgery requires a good understanding of the normal anatomy
and the common variations.

Recent advances in imaging techniques, including com-
puterized tomography and magnetic resonance imaging, with
three-dimensional reconstruction, can help accurately define
anatomical relationships with pathology. Video-assisted
techniques for thoracic surgery, in particular, require a good
understanding of the three-dimensional anatomical relation-
ships of the thoracic viscera.

Historical perspective

Modern anatomical knowledge of thorax has developed over
generations by transfer of knowledge from the Islamic, Greek
and Roman physicians."? The ancient Islamic contribution
to thoracic anatomy and physiology only became known in
Europe in the late sixteenth century. The original description in
the Siileymaniye library of the contemporary texts and draw-
ings of the trachea, lung, and vascular system in Semseddin-i
Itaki’s and Ahmed bin Mansur’s anatomy texts indicates that
knowledge of the thoracic anatomy existed in great depth.? In
1924 the text “Christianismi Restitutio” by Michael Servetus
(1511-1553) was rediscovered and translated, describing the
pulmonary circulation. However, Ibn al-Nafis (1210-1288)
of Damascus made the same observations three centuries ear-
lier.* Ali bin Abbas wrote that the pulmonary artery wall had
two layers and postulated that these layers might have a role
in constriction and relaxation of this vessel. He also stated that
pulmonary veins branched together with the bronchial tree.?
The Dutch surgeon and anatomist van Mauden translated the
works of Vesalius, Fallopius and Arantius as well as adding
his own observations on anatomical variations in a book that,

D.H. Parikh et al. (eds.), Pediatric Thoracic Surgery,
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in his own words, he considered would be helpful to surgeons
and trainees.’

Thoracic skeleton

Sternum

The sternum is a flat subcutaneous bone in the anterior mid-
line of the chest. It has been likened to an ancient sword - the
manubrium representing the handle, the gladiolus representing
the blade and the xiphoid process the point of the sword. The
sternum forms from a series of segmental ossification centers,
the sternebrae, which coalesce between puberty and twenty-
five years of age. The manubrium and the first sternebrum
contain a single or occasionally two ossification centers situ-
ated one above the other. The third, fourth and fifth sternebrae
contain two lateral ossification centers and the irregular union
between these explains the rare occurrence of a cleft sternum.
The xiphisternum joins the sternum around forty years of age.
The manubrium articulates with sternum through a synchon-
drosis although this joint occasionally ossifies in later life.

Ribs

Twelve pairs of ribs form the greater part of the thoracic cage.
Occasionally, a cervical or lumbar rib may be encountered
and rarely there may be only eleven pairs of ribs. The first
six ribs articulate with the spine posteriorly and join the ster-
num anteriorly through individual costal cartilages. The costal
cartilages of the seventh, eighth, ninth and tenth ribs coalesce
to form the costal margin. The eleventh and twelfth ribs are
floating and lack any connection with the sternum.

Surgical anatomy

e The marrow space in the sternum remains active throughout
life and can be sampled for hematological diagnosis.

 Sternal fractures are very uncommon in children because of
the elasticity of the ribs.



¢ Rib fractures in children are the results of significant force
and are often associated with injury to the thoracic or upper
abdominal viscera. A rib is most likely to fracture just in
front of the angle of the rib, usually as a result of forcible
compression of the chest wall. The rib attachments prevent
significant displacement but excessive callus formation
at the site of a fracture is common because of respiratory
movement.

e The shape of the chest wall may change in disease. Clas-
sical changes seen in rickets include enlargement of the
costochondral junctions, giving rise to a “rickety rosary”,
pectus deformities and exaggerated Harrison’s sulci caused
by flaring of the lower ribs from the enlarged abdominal
organs often found in malnourished children. In chronic
respiratory disease the chest assumes a barrel shape due to a
constant pressure exerted by the expanded lungs. Thoraco-
tomy in early life may result in rib crowding which, in turn,
may lead to scoliosis in adolescence.

e Drainage of the pleural cavity is best carried out between
fifth and sixth intercostal spaces just in front of mid-axillary
line. The ribs are easily palpable in this region, the intercos-
tal spaces are wider here than in any other part of the chest
and this is the last part of the pleural cavity closed by expan-
sion of the lung.

Cervical ribs

Rudimentary cervical ribs develop during fetal life but usually
involute before birth. Cervical ribs persist in approximately
1% of the population, the majority producing no symptoms.
The transverse process of a typical cervical vertebra has two
tubercles of which the anterior tubercle is the homologue of a
rib. Cervical ribs persist in various forms ranging from a com-
plete rib that articulates with the first rib to a fibrous cord.

Cervical ribs cause symptoms by tenting the brachial
plexus and the subclavian vessels. The lowest trunks of bra-
chial plexus (C8 and T1) are affected and symptoms generally
appear in the second decade of life or later when the muscles
of the shoulder girdle loose their tone. Presentation in the teen-
age years is seen occasionally. Symptoms include neuralgia,
sensory deficits, muscular weakness and wasting. Disturbance
related to the sympathetic fibers causes circulatory changes
such as coldness, cyanosis, edema and paresthesia.

Clavicle

The clavicle is the most frequently broken bone in the human
body as it is slender, superficial and connected to the upper
limb. The clavicle usually fractures obliquely at the junction
between the outer one-third and inner two-thirds which is the
weakest point of the bone. The outer fragment is displaced
inwards due the nature of the force and hence compound frac-
tures are rare. The subclavius muscle plays an important role
protecting the brachial plexus and subclavian vessels from
injury when the clavicle fractures.

D.H. Parikh

Thoracic vertebrae

The vertebral column of the thorax comprises twelve verte-
brae aligned in a gentle forward concavity (kyphosis). The ribs
articulate with the vertebrae by two synovial joints — between
the head of the rib and the body of the vertebra and between the
tubercle of the rib and the transverse process of the vertebra.

Thoracic wall

The chest wall surrounds and protects the intra-thoracic viscera
and its regular movement constitutes the physiology of respi-
ration. Anatomically, the roof of the thoracic cavity above the
lung apex is formed by the suprapleural membrane (Sibson’s
Fascia) at the thoracic inlet and the floor is formed by the dia-
phragm that separates the thorax from the abdomen. The thorax
is circular in shape in infancy and young children and subse-
quently assumes an oval shape in adulthood. The skeleton of
the thoracic wall consists of twelve thoracic vertebrae, twelve
pairs of ribs with their costal cartilages and the sternum. The
lower ribs, along with the convexity of the diaphragm, cover
and protect the solid organs of the upper abdomen.

Three layers of morphologically similar muscles cover the
thoracic and abdominal wall. The outer layer comprises a spe-
cialized group of muscles including the pectorals, rhomboids,
levator scapulae, latissimus dorsi and serratus anterior that are
attached to the upper limb. The second, or intermediate, layer
is confined to the ribs and comprises the external and internal
intercostal muscles with fibers running at right angles to each
other. The innermost muscle layer is incomplete, comprising
the transversus thoracis and the intercostales intimi, subcos-
tales and sterno-costalis. The neurovascular bundles, con-
taining the intercostal vessels and nerves and their collateral
branches, run between the middle and the innermost muscle
layers, similar to the abdominal wall.

Intercostal space

The intercostal space between ribs, separated by the intercos-
tal muscles, extends from the vertebral column posteriorly to
the sternocostal joint anteriorly and to the costal margin of the
lower ribs (Fig. 1.1).

The external intercostal muscle passes obliquely downward
and forwards from the rib above to the upper border of the rib
below. This muscle extends from costo-transverse ligament
posteriorly to the costochondral junction anteriorly where it
becomes membranous. The internal intercostal muscle runs
downwards and backwards from the subcostal grove to the
upper border of the rib below. The internal intercostal muscle
runs from the sternum anteriorly to the angle of the rib pos-
teriorly where the posterior intercostal membrane replaces it
up to the superior costo-transverse ligament. The transversus,
or innermost intercostal muscle layer, comprises three incom-
plete sheets of thin muscular fibers: (a) subcostales that lie
in the paravertebral gutter, each crossing more than one rib
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posterior

spine

FiG. 1.1. Intercostal space

space, (b) intercostales intimi: similar to subcostales these
fibers cross more than one rib space and line the lateral tho-
racic wall (¢) sterno-costalis: this muscle arises from the lower
end of the sternum where digitations diverge on each side,
one to each costal cartilage from second to sixth inclusive.
Caudally, the transversus thoracis group of muscles recedes to
form the diaphragm.

The intercostal nerves are mixed spinal nerves that emerge
from the intervertebral foramina. After giving off a posterior
ramus the nerve runs forwards between the internal intercos-
tal and transversus thoracis muscle layers. A collateral branch
innervates the intercostal muscles and is sensory to the pari-
etal pleura and the periosteum of the rib. A lateral cutaneous
branch pierces the intercostal muscles in the midaxillary line,
and divides into anterior and posterior branches to supply skin
over the intercostal space. The anterior terminal branch in the
upper six spaces pierce the intercostal muscles anterior to the
internal mammary artery and supply the skin of the anterior
chest wall. The intercostal nerve lies below the intercostal
vein and artery during its course through the intercostal space
and all three are protected by the downward projection of the
rib. The lower five intercostal nerves innervate the abdomi-
nal wall. The subcostal nerve passes behind the lateral arcu-
ate ligament into the abdomen, accompanied by the subcostal
artery and vein.

The supreme intercostal artery is a descending branch of
the costocervical trunk, which arises from the second part of
the subclavian artery, and supplies the upper two intercostal
spaces. This vessel enters the thorax by passing behind the

vein
B artery
| nerve

scalenus anterior and across the neck of the first rib, with the
sympathetic chain on its medial side. The supreme intercostal
vein lies between the artery and the sympathetic chain where
the first thoracic and inferior cervical ganglia fuse to form the
stellate ganglion (Fig 1.3). This knowledge is important to
a surgeon dissecting in this region, especially during tumor
resection (neuroblastoma). The descending thoracic aorta
gives off the next nine posterior intercostal arteries that travel
in the neurovascular plane.

The internal mammary artery runs down the lateral border
of sternum to supply the anterior body wall from clavicle to
umbilicus. The internal mammary artery sends branches to the
upper six intercostal spaces anteriorly. In females the branches
to the second and third intercostal spaces are large to supply
the breast. At the costal margin the internal mammary artery
divides into superior epigastric and musculo-phrenic arteries.
The superior epigastric passes lateral to xiphisternal fibers of
the diaphragm to enter the posterior rectus sheath. The mus-
culophrenic artery passes along the costodiaphragmatic gutter
and gives off two anterior intercostal arteries before pierc-
ing the diaphragm and ramifying on its abdominal surface.
The internal mammary artery is accompanied by two vena
commitantes that drain into the innominate vein. The artery
also gives off a pericardiophrenic branch, which follows the
phrenic nerve and supplies branches to the fibrous and parietal
pericardium.

Intercostal veins accompany the intercostal arteries. Paired
anterior intercostal veins drain into internal mammary and
musculophrenic veins. In the lower eight spaces the posterior



intercostal veins drain into the azygos vein on the right and the
accessory hemiazygos and hemiazygos veins on the left. The
first space is drained by the supreme intercostal vein, which
drains into either the vertebral vein or the brachiocephalic
vein. The superior intercostal vein collects blood from the
second and third intercostal spaces on each side. The superior
intercostal vein on right side drains into the azygos vein. The
same trunk on the left runs forward over the arch of the aorta,
lateral to vagus nerve and medial to the phrenic nerve, to join
the brachiocephalic vein.

Muscles and fasciae of the chest wall

The chest wall is covered by the pectoralis major and minor
muscles anteriorly, laterally by the serratus anterior, superi-
orly by the trapezius, inferiorly and laterally by the latissimus
dorsi and, on each side of the vertebral column, by the erector
spinae muscles. Although these muscles are primarily respon-
sible for shoulder girdle movement and axial stability they are
also accessory muscles of respiration.

Pectoralis major arises from the medial half of the clavi-
cle, sternum, the costal cartilages of the first to seventh ribs,
and the aponeurosis of the external oblique and rectus sheath.
From this extensive origin fibers converge on a flat tendon
which inserts into bicipital grove of the humerus. The muscle
is covered by the pectoral fascia which is continuous with the
axillary fascia. The dominant thoracoacromial neurovascu-
lar bundle enters the superior part of the muscle posteriorly
in the mid-clavicular line. This allows elevation of a reliable
muscle flap that may be used to cover sternal defects after
tumor excision or osteomyelitis complicating sternotomy. The
pectoralis minor arises from the third, fourth and fifth ribs and
inserts onto the coracoid process of the scapula. Both pectoral
muscles are absent in Poland’s syndrome which sometimes
presents late in adolescence with a thoracic wall deformity.

Serratus anterior surrounds the side of the chest wall
beneath the scapula. The muscle arises as a series of digita-
tions from the upper eight or nine ribs. The fibers pass back-
wards to insert into the medial border of the scapula. Serratus
anterior is supplied by the long thoracic nerve of Bell which
arises from the fourth to seventh cervical nerves. The blood
supply and venous drainage of the muscle come from the tho-
racodorsal vessels and perforators from the chest wall. This
muscle is particularly useful as an intrathoracic muscle flap
either using a number of digitations® or the whole muscle to
fill the space left by a post-lobectomy empyema’. The ser-
ratus anterior rotates the scapula during the elevation of the
arm and keeps the scapula applied to the chest wall. Paralysis
of the serratus anterior causes the lower angle of the scapula
project outwards when the arm is lifted, resulting in a winged
scapula. This deformity may be seen as a long-term sequel of
a posterior-lateral thoracotomy.

Trapezius is a large triangular muscle that arises from the
occiput, occipital protuberance, ligamentum nuchae and the
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spines of the entire cervical and thoracic vertebral column.
The muscle inserts in the outer third of the clavicle, the acro-
mion and the spinous process of the scapula. It aids in rota-
tion of scapula and elevates the shoulder. It is supplied by
the spinal accessory nerve that may be injured inadvertently
during operations in the posterior triangle of the neck.

Latissimus dorsi is the largest flat muscle of the chest wall.
It arises from the spinous processes of the lower six thoracic
vertebrae, the lumber fascia, the posterior third of the iliac
crest and by digitations from the lower third or fourth ribs. The
muscle fibers converge on a long tendon that forms the pos-
terior axillary fold and inserts in the bicipital groove of the
humerus. The thoracodorsal neurovascular bundle enters the
muscle along the line of the tendon. This provides a robust
vascular pedicle that that allows elevation of the muscle as a
flap for reconstruction of the chest wall.® The latissimus dorsi
muscle may also be used to repair a recurrent diaphragmatic
hernia when synthetic materials have been unsuccessful.

Erector spinae is a great mass of muscle which runs the full
length of the vertebral column, filling the hollows on each side
of the spinous processes. Various muscular bundles are inserted
into the vertebra by innumerable tendinous slips which have to
be divided to expose the spine during a laminectomy.

Suprapleural membrane (Sibson’s fascia)

This is a tough fascial layer which forms the roof of the thoracic
inlet. The suprapleural membrane is attached circumferentially
to the inner border of the first rib and costal cartilage except
over the neck of the rib where the first thoracic nerve crosses
to join the brachial plexus. The subclavian vessels lie on the
suprapleural membrane as they pass laterally into the axilla.

Endothoracic fascia

Outside the pleura, lining the thoracic wall, is a layer of loose
areolar tissue similar to the transversalis fascia of the abdomen.
The endothoracic fascia is of little anatomical significance
although it is the plane of dissection between the parietal pleura
and the chest wall which is entered performing a decortication
or pleurectomy. Provided dissection is done with care in this
plane injury to intercostal vessels and nerves can be avoided.

The diaphragm

The diaphragm is a muscular septum between the thoracic and
abdominal cavities derived from the innermost (transversus)
layer of the body wall musculature. The muscle fibers of the
diaphragm radiate circumferentially from the central tendon
to form right and left hemidiaphragms. Diaphragmatic excur-
sion plays a major role in respiration, especially in young
infants. The crura arise from the sides of the bodies of the
upper lumber vertebrae and insert into the central tendon.
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The fibers encircle the esophageal hiatus in the diaphragm
with a sling-like loop. The right and left crural fibers together
form an arch over the aortic hiatus. The origins of the crura
are continuous with the median arcuate ligaments, which are
thickenings of the psoas fascia extending from the body of
the second lumber vertebra to the transverse process of the
first lumber vertebra. From this point the lateral arcuate liga-
ment extends as a thickening of the lumber fascia over the
quadratus lumborum muscle to the lower border of the twelfth
rib near its tip. Laterally the diaphragm consists of a series of
muscular slips arising sequentially from the twelfth through
seventh costal cartilages that interdigitate with the transver-
sus abdominis muscle. Anteriorly the muscle sheet of the dia-
phragm is completed by fibers that pass backwards from the
xiphisternum to the central tendon. The central tendon of the
diaphragm is a thin aponeurosis in the form of a three-leaf clo-
ver. The central tendon of the diaphragm is inseparable from
the fibrous pericardium.

The diaphragm derives its blood supply from the right
and left phrenic arteries, which run alongside each crus, and
peripherally from the lower intercostal vessels.

The phrenic vessels are found on the under surface of the
diaphragm and divide into anterior and posterior divisions
around the central tendon. The smaller posterior branch
anastomoses with the lower five intercostal arteries, while
the larger anterior division anastomoses with the pericardio-
phrenic artery.

The diaphragm is innervated by the phrenic nerves. Injury to
the phrenic nerve from obstetric trauma to the brachial plexus
during delivery may result in paralysis of the diaphragm. Iat-
rogenic injury to the phrenic nerve during cardiac surgery and

Caval hiatus

Right
phrenic
nerve

Fi1G. 1.2. The inferior surface of
the diaphragma

in operations involving the root of the neck is well recogn-
ised.’ Radiologically the paralyzed diaphragm shows eventra-
tion and paradoxical movement. Diaphragmatic eventration
may require plication if respiration is compromised.

The openings of the diaphragm

There are three main foramina in the diaphragm which admit
structures from the abdomen. Their anatomical location and
contents are described in Table 1.1.

Surgical incisions in the diaphragm

Incisions through diaphragm are necessary to access the tho-
racic and abdominal cavities simultaneously (Fig. 1.2).1011.12
Incisions in the diaphragm should be made with care to mini-
mize injury to the phrenic nerves with resultant paralysis. In

TaBLE 1.1. Openings of the diaphragm.

Foramen Location Contents

Esophageal hiatus A muscular opening
left of the midline
near the 10" thoracic

vertebra

Eesophagus, anterior &
posteror vagus nerves,
esophageal branches of
the left gastric artery and
vein

Inferior vena cava, right
phrenic nerve

Situated in the central
tendon to the right of
the midline near the

8" thoracic vertebra

A hiatus in the posterior
aspect of the diaphragm
on the 12" vertebra

Caval hiatus

Aortic hiatus Aorta, azygos vein and

thoracic duct

Esophageal hiatus

Left phrenic nerve

Inferior phrenic arteries

Aortic hiatus



general incisions in the diaphragm should be very medial
or circumferential. Incisions through the central tendon of
the diaphragm are rarely useful. A circumferential incision
around the periphery of the diaphragm avoids all the major
branches of the phrenic nerve and allows excellent exposure
of both the upper abdomen from the chest and the thoracic
cavity from the abdomen. On the left side a radial incision can
be made from the costal margin down to the esophageal hiatus
provided this is taken medial to the point where the phrenic
nerve enters the diaphragm. This requires mobilization of the
phrenic nerve from the surface of the pericardium which then
becomes at risk from retraction injury in the chest.

The mediastinum

The mediastinum is conveniently divided into superior and
inferior compartments by a line from the manubriosternal
junction (the angle of Louis) backwards to the lower border
of the fourth thoracic vertebra. Several important anatomical
landmarks lie in the region of this line including the bifurca-
tion of the trachea, the junction of the azygos vein and the
superior vena cava and the ligamentum arteriosum. The tho-
racic duct crosses the mediastinum from right to left at this
point. The inferior mediastinum can be subdivided into ante-
rior, middle and posterior compartments.

Superior mediastinum

The trachea and esophagus enter the mediastinum in the mid-
line with vagus and phrenic nerves on each side and the thymus
anteriorly. At the level of the thoracic inlet the trachea touches
the suprasternal notch and the esophagus lies posteriorly on
the body of the first thoracic vertebra. The apices of the lungs
lie laterally, separated by vessels and nerves passing between
the superior mediastinum and neck. The brachiocephalic artery
runs to the right of the midline while the left brachiocephalic
vein crosses from left to right to join the superior vena cava.

The arch of the aorta lies in the plane of angle of Louis
behind the manubrium as it turns backwards towards the body
of the fourth thoracic vertebra, arching over the origin of the
left main bronchus and the pulmonary arterial trunk. The bra-
chiocephalic artery, left common carotid and left subclavian
artery arise from the aortic arch and run upwards to the neck.
The pretracheal fascia blends with the aorta in this region
forming the lower limit of the pretracheal space. This fascia
fixes the distal trachea to the back of the aortic arch and forms
the anatomical basis for aortopexy as a procedure for trache-
omalacia. The right recurrent laryngeal nerve loops around the
right subclavian artery as it arises from the brachiocephalic
artery. The left recurrent laryngeal nerve arises more distally
in the mediastinum and hooks around ligamentum arteriosum
before returning to the neck in the grove between trachea and
esophagus. This nerve is particularly prone to injury during
aortic arch surgery.

The right and left brachiocephalic veins, each formed by
the confluence of internal jugular and subclavian veins, travel
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through the superior mediastinum in front of the arteries. The
two brachiocephalic veins join to form the superior vena cava
which passes vertically downward behind the right edge of the
sternum, anterior to the right main bronchus. The left brachio-
cephalic vein projects slightly above the suprasternal notch
when the neck is fully extended and is potentially at risk dur-
ing tracheotomy. The thoracic duct enters the left internal jug-
ular vein at the point where it joins the subclavian vein to form
the brachiocephalic vein. Not infrequently the thoracic duct
divides into four or five branches that join the vein separately.
The thymus lies in front of the brachiocephalic vein. One or
two short wide veins from thymus enter the left brachiocepha-
lic vein directly. These are prone to inadvertent damage dur-
ing mobilization of the left lobe of thymus.

Trachea

The trachea is a cartilaginous and membranous tube that
begins in the neck at the cricoid cartilage and continues until
it divides into two main bronchi at the level of the fourth
thoracic vertebra. The brachiocephalic artery crosses the tra-
chea obliquely as it courses upward to the right. At one time
respiratory symptoms were attributed to tracheal compression
from this vessel but this is no longer considered to be a real
entity. The left common carotid and subclavian arteries run
up along the left side of the trachea. The trachea is crossed
obliquely by the brachiocephalic vein just below the sternal
notch. Thymus lies anteriorly and extends a variable distance
from the anterior mediastinum into the neck. The trachea is in
direct contact with the esophagus posteriorly and the recurrent
laryngeal nerves travels upward in the grove between the two.
The arch of the aorta crosses the front of the trachea just above
the carina. The tracheobronchial group of lymph nodes lies
around the bifurcation of the trachea.

The blood supply to the trachea in the neck arises from tra-
cheoesophageal branches of the inferior thyroid arteries. In
the superior mediastinum the trachea receives a variable blood
supply from branches of the supreme intercostal artery and the
internal mammary artery. The distal trachea and carina receives
a consistent blood supply from the left bronchial arteries. A
tracheal branch from the right supreme intercostal artery sup-
plies the proximal right main bronchus in 90% of cases."* The
tracheal and bronchial vasculature has been studied in detail
recently in relation to lung transplantation.'*!

Surgical anatomy

o Knowledge of the arterial anastomoses and microcirculation
within the trachea is useful for successful tracheal resection
and lung transplantation.

e Tracheal cartilage receives its blood supply through a sub-
mucosal arterial plexus. Overinflated endotracheal tube
cuffs will result in ischaemic injury to the tracheal rings. A
detailed description of the microcirculation of the trachea is
provided by Salassa et al.'®
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e A variety of structural and congenital anomalies can produce
tracheomalacia. Tracheomalacia may only become apparent
after surgery for mechanically compressing lesions such as
vascular ring or following repair of esophageal atresia. Rarely
developmental defects of cartilages cause tracheomalacia.

e Congenital tracheal stenosis is usually associated with
absence of the membranous portion of the affected trachea
resulting in complete rings of tracheal cartilage.

Phrenic nerve

The phrenic nerves arise in the neck chiefly from the fourth
cervical nerve roots, with variable contributions from the third
and fifth roots. The nerves run into the thorax on the scalenus
anterior muscles and enter the thorax between the subclavian
vein and artery. The phrenic nerves run through the mediasti-
num in front of the lung hila (Figs. 1.3 and 1.4). The right
phrenic nerve runs in contact with the right brachiocephalic
vein, superior vena cava, right atrium and inferior vena cava
before entering the diaphragm. The left phrenic nerve crosses
the aortic arch and pericardium over the left ventricle before
entering the diaphragm. Both phrenic nerves pierce through
the diaphragm and supply it from the abdominal surface. The
phrenic nerves contain sensory fibers from the mediastinal
pleura, pericardium, diaphragmatic pleura and peritoneum. A
pericardiophrenic artery arising from the internal mammary
artery accompanies each phrenic nerve.

The long course of the phrenic nerves renders them prone
to injury. latrogenic damage during cardiac surgery is now
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thoracic duct

more common than birth injury to the brachial plexus. Both
may result in eventration of the diaphragm with paradoxical
movement of the paralyzed side during respiration.

Vagus nerve

The left vagus nerve enters the thorax alongside the left com-
mon carotid artery (Fig. 1.3) before crossing the arch of the
aorta, where it gives off the recurrent laryngeal nerve. The
vagus then passes behind the hilum of the left lung and con-
tinues down into the abdomen along the esophagus. The right
vagus nerve runs down the trachea in the superior mediasti-
num (Fig. 1.4) passing deep to the azygos vein and behind
the hilum of the right lung. The vagus then continues into
the abdomen along the esophagus. The vagus nerves give
branches to the superficial and deep cardiac plexuses. Behind
the lung hila branches are given to the pulmonary plexuses. In
the posterior mediastinum the two vagus nerves coalesce to
form the esophageal plexus from which arise anterior and pos-
terior vagal trunks which accompany the esophagus through
the diaphragm into the abdomen.

Thymus gland

The thymus gland arises from ventral diverticula of the third
pharyngeal pouch. The diverticula coalesce to form a bilobed
structure that descends into the anterior mediastinum. The
thymus is large in infants but atrophies during adolescence.
The arterial supply to the thymus arises from multiple small
branches of the internal mammary arteries that generally give
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no trouble during resection of the gland. The main venous
drainage of thymus is a short wide vein on the posterior surface
of the gland opening directly into the left brachiocephalic vein.
Unless care is taken to ligate this vessel during thymectomy
substantial bleeding may ensue.

F1G. 1.4. Right mediastinum

Middle mediastinum

This division of the mediastinum strictly includes the pericar-
dium, heart and lung roots. The anatomy of the lung hila differ
on each side.

Left pulmonary hilum (Figs. 1.3, 1.5, 1.6)

The superior part of the left hilum is occupied by the left pul-
monary artery which lies within the concavity of the aortic
arch. The left main bronchus slopes from the carina to pass
under the aortic arch and lie posteriorly in the hilum. The left
main bronchus is sandwiched between the superior pulmo-
nary vein anteriorly pulmonary artery superiorly. The hilum
contains two pulmonary veins — the superior pulmonary vein
lies in front of the main bronchus and the inferior pulmonary
vein lies below the bronchus on the pulmonary ligament.
The inferior pulmonary ligament is the dependent part of the
sleeve of the mediastinal pleura as it reflects from the lung
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root. The inferior pulmonary ligament extends down 1-2cm
and contains no important structures except a small vessel at
the lowest point. The pulmonary artery is the most anterior and
superior structure in the left hilum. The artery winds around
the upper lobe bronchus into an anterior and lateral position.
The first branches of the artery supply the apical and posterior
segments of the upper lobe. These branches may arise from
a common trunk. The left superior pulmonary vein lies ante-
riorly and inferior to left pulmonary artery and drains three
principle tributaries from the apical posterior, anterior and
lingular segments. The inferior pulmonary vein lies inferiorly
and posterior to the superior pulmonary vein and is found in
the apex of the inferior pulmonary ligament.

Right pulmonary hilum (Figs. 1.4 — 1.6)

The structural arrangement of the right hilum is similar to the
left except that the upper lobe bronchus leaves the right main
bronchus outside the lung. The hilum of the right lung lies
within the concavity of the azygos vein as it arches forwards
to join the superior vena cava. The right upper lobe bronchus
is the most superior and posterior structure in the hilum. The
right pulmonary artery enters the hilum anteriorly and inferior
to the main bronchus, dividing immediately into superior and
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inferior trunks. The superior trunk divides on the upper lobe
bronchus into three segmental vessels and the inferior arterial
trunk descends on the anterior surface of the bronchus interme-
dius. The superior pulmonary vein lies in front of the pulmo-
nary artery and receives tributaries from the upper and middle
lobes. The inferior pulmonary vein has two principle tributar-
ies — one branch draining the superior segment of the lower
lobe and a second comprising the basal segmental branches.
The inferior pulmonary ligament is similar to the left side.

Pericardium

The fibrous pericardium is a conical shaped sac which encases
the heart. The apex of the pericardium is fused with the roots
of the great vessels and the broad base is inseparable from the
central tendon of the diaphragm as both are derived embryo-
logically from the septum transversum. Weak sterno-pericardial
ligaments unite the pericardium with the posterior surface of
the sternum.

The fibrous pericardium is lined by the parietal pericardium
which is a serous membrane. This is reflected onto the heart
around the great vessels to form the visceral pericardium. Par-
acentesis of the pericardial cavity can be performed through
the diaphragm using a sib-xiphisternal approach or through
the fifth intercostal space at the left edge of the sternum to
avoid entering the pleural cavity.

Posterior mediastinum

This space extends down to the diaphragm behind the heart
and is continuous with the posterior part of the superior medi-
astinum. The posterior boundary is formed by the vertebral
column. The posterior mediastinum includes the paravertebral
gutters containing the sympathetic chain.

Descending aorta (Figs. 1.3 and 1.6)

This great arterial trunk commences at the lower border of
the fourth thoracic vertebra, where the aortic arch ends. The
descending aorta leaves the posterior mediastinum at the level
of the twelfth thoracic vertebra, passing behind the diaphragm
between the crura. The descending thoracic aorta gives off nine
intercostal arteries on each side that enter the posterior ends of
the lower nine intercostal spaces. The descending aorta gives
off bronchial and esophageal arteries. There are normally two
bronchial arteries on the left and one on the right. The second
right bronchial artery occasionally arises from the artery to
the third intercostal space. The esophageal branches comprise
four or five small vessels which provide a segmental supply to
the lower esophagus.

Esophagus (Fig. 1. 6)

This muscular tube extends from the cricopharyngeus to the
cardiac orifice of the stomach at the level of the tenth thoracic
vertebra and left seventh costal cartilage. The cervical portion
of the esophagus lies in front of the prevertebral fascia, slightly
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to the left of the midline, but enters the chest in the midline on
the body of the first thoracic vertebra. As a consequence it is
preferable to open the left side of the neck to perform a cervical
esophagostomy although care must be taken to avoid the left
recurrent laryngeal nerve and the thoracic duct. The intratho-
racic esophagus traverses the superior mediastinum slightly
to the left of the midline. The esophagus remains in contact
with the vertebral bodies during its course through the thorax
except distally where it inclines forward slightly to pierce the
diaphragm to the left of the midline through the esophageal
hiatus at the level of the tenth thoracic vertebra.

In the superior mediastinum the arch of the aorta crosses the
esophagus on the left and azygous vein on the right. The aortic
arch commonly leaves an impression on the left side of the
esophagus which is visible on a Barium swallow radiograph.

In the lower mediastinum the thoracic duct runs along the
right side of the esophagus, crossing the prevertebral fascia at
the level of the fourth thoracic vertebra to continue into the
superior mediastinum along the left side of the esophagus.

The muscular wall of the esophagus comprises an outer lon-
gitudinal layer and an inner circular layer. In the upper one third
of the esophagus this muscle is striated and in the lower two
thirds this is replaced by smooth muscle, in common with the
remainder of the gastrointestinal tract. The esophagus lacks a
serosal covering. The strength of the esophagus lies in the sub-
mucosa and consequently it is essential that sutures placed for
an esophageal anastomosis include a generous bite of mucosa.

The arterial blood supply to the esophagus in the neck and
superior mediastinum arises from esophageal branches of the
inferior thyroid arteries. As the esophagus enters the posterior
mediastinum it acquires a segmental blood supply from the
esophageal branches of the descending aorta. The distal esopha-
gus receives a blood supply from an ascending branch of the left
gastric artery. This blood supply has important consequences for
the repair of esophageal atresia. The axial nature of the blood
supply to the upper esophagus means that the upper esophageal
pouch can be mobilized extensively without jeopardizing perfu-
sion. In contrast, excessive mobilization of the distal esophagus
must be avoided to preserve the segmental vessels.

The venous return from the upper esophagus enters the bra-
chiocephalic veins. From the middle part the venous drainage
enters the azygos system. The lower esophagus drains into
tributaries of the left gastric vein, which enters the portal sys-
tem. Consequently a porto-systemic anastomosis exists in the
submucosal venous plexus of the lower esophagus and varices
may develop here in children with portal hypertension.

The lymphatic drainage of the esophagus follows the
arterial supply. The upper esophagus drains into a posterior-
inferior group of deep cervical lymph nodes near the origin of
the inferior thyroid artery. The middle portion of the esopha-
gus drains into the preaortic group of lymph nodes and the
lower esophagus drains along the left gastric artery to preaor-
tic lymph nodes around the celiac axis.

The esophagus receives an autonomic nerve supply from
the vagus and the sympathetic chain. In the neck and superior
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mediastinum this is conveyed by the recurrent laryngeal nerves
and sympathetic fibers running along the inferior thyroid arter-
ies. In the posterior mediastinum the vagus nerves ramify over
the lower esophagus in a plexus which receives branches from
the upper four thoracic ganglia of the sympathetic trunk. As
the esophagus passes through the crural sling on the diaphragm
anterior and posterior vagal trunks reform.

The commonest sites for impaction of foreign bodies in the
esophagus are at three anatomical narrow points. These are
the cricopharyngeus, the level of the aortic arch and at the
level of the diaphragm. Foreign bodies must be removed from
the esophagus expeditiously to prevent ulceration with resul-
tant mediastinitis or fistulation into the airway or aorta.

Lymphatics of the thorax

The lymphatics of the posterior mediastinum follow a similar
pattern to the abdomen. Preaortic nodes on the front of the aorta
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are visceral and drain the middle reaches of the esophagus.
Paraaortic nodes along each side of the aorta are somatic and
drain the intercostal spaces. Lymphatic drainage from the ante-
rior region of the intercostal spaces drains into nodes alongside
the internal mammary artery. These nodes also receive lymphatic
drainage from the medial margins of the breast. Lymphatic drain-
age from the heart and lungs enters the tracheobronchial chain of
lymph nodes which surrounds the trachea and carina. Lym-
phatics from this group of nodes form right and left mediastinal
lymph trunks which may join the thoracic duct but more usually
open separately into the ipsilateral brachiocephalic vein.

Thoracic duct (Figs. 1.6 and 1.7)

The thoracic duct is the major lymphatic drainage channel in
the body. The anatomy of the thoracic duct is so highly vari-
able that only a general description can be given. The thoracic
duct originates from the cisterna chyli which is found in the
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midline adjacent to the aorta in the region of the second lum-
bar vertebra. The thoracic duct enters the thorax through the
aortic hiatus of the diaphragm between the vena azygos and
the aorta. The thoracic duct can be found reliably in the lower
right thorax where it lies on the bodies of the thoracic vertebrae
between the azygos vein and the aorta, behind the esophagus.

The thoracic duct typically crosses the midline at the level
of the fourth thoracic vertebra. The duct is prone to injury at
this point during aortic arch surgery or creation of a Blalock-
Taussig shunt. The thoracic duct then ascends into the left side
of the neck where it enters the confluence of the internal jugu-
lar and subclavian veins from behind. Often the thoracic duct
divides in to three or four branches at this point, each entering
the venous system separately. There are numerous valves in
the thoracic duct along its course although there are no valves
at the junction with the venous system.

The thoracic duct conveys the lymph from the lower half
of the body, including the gut, and the left side of the thorax.
Jugular and subclavian lymphatic trunks from the left arm and
left side of head and neck join the thoracic duct at the thoracic
inlet. Lymphatics from the right arm, right side of the head
and neck and the right side of the thorax drain into lymphatic
trunks which either combine or enter the right brachiocephalic
vein separately.

This description of “typical” lymphatic anatomy is seen in
about 65% of the population.'” '3 Davies reported nine major
anatomical variations'” while Anson described twelve varia-
tions in 1950.%° The cisterna chyli is absent in approximately
2% of the population. Common variations in the anatomy of
the thoracic duct include duplication, found in 5-39% of the
population, right-sided termination in 1.6%, bilateral termina-
tion 1.8% and, rarely, termination in the azygos vein.*"

Azygos veins (Figs. 1.3 and 1.4)

The venous drainage from the chest wall and upper lumber
region enters the azygos venous system. The azygos veins are
derivatives of the cardinal veins which are longitudinal trunks
that drain blood from the fetal body wall. The anatomy of the
azygos venous system is asymmetrical and somewhat vari-
able, particularly on the left.”*?*

On the right side of the body the ascending lumbar vein and
the subcostal vein join to form the azygos vein which ascends
through the aortic hiatus of the diaphragm, running to the right
of the midline behind and lateral to the esophagus. At the level
of the fourth vertebra the azygos vein crosses the esophagus
and arches forward over the right main bronchus to join the
superior vena cava (SVC). The azygos vein receives the lower
eight right intercostal veins and, as it turns to join the superior
vena cava, it is joined by the right superior intercostal vein
which drains the upper intercostal spaces.

The azygos system on the left side of the body is discon-
tinuous. The venous drainage of the upper intercostal spaces
enters the accessory hemiazygos vein. The venous drainage of
the lower left intercostal spaces, along with the left subcostal
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vein and the left ascending lumbar vein, enters the hemiazygos
vein. The accessory hemiazygos and the hemiazygos veins may
communicate but more usually cross the midline separately
behind the esophagus to enter the azygos vein separately.

The paired fetal anterior cardinal veins convey venous
drainage from the head and neck to the developing heart. The
jugular veins, brachiocephalic veins and superior vena cava
are all derivatives of the anterior cardinal veins. The central
connection of the left anterior cardinal vein regresses in most
cases, as a median anastomosis with the right anterior cardi-
nal vein develops which is destined to become the left bra-
chiocephalic vein. Developmental anomalies are relatively
frequent, particularly in association with congenital cardiac
malformations. Persistence of a left SVC, which drains into
the coronary sinus, is seen in approximately 0.3% of the
general population and around 10% of children with cardiac
malformations. Abnormalities in the course and union of
the inferior vena cava (IVC) are found in 1-4% of popula-
tion, most without clinical significance. Absence of supra-
renal IVC is associated with the biliary atresia-polysplenia
syndrome and with congenital heart disease, although it may
be an isolated finding.” If the IVC is interrupted the venous
drainage of the abdomen and lower extremities returns
via the azygos vein. If an excessively large azygos vein is
encountered at thoracotomy the possibility of an interrupted
IVC should be considered because ligation of the azygos vein
may prove fatal.

Thoracic sympathetic chain

The thoracic sympathetic chain lies on the necks of the ribs
overlying the intercostal vessels and nerves. The first thoracic
ganglion is commonly fused with the inferior cervical gan-
glion to form the stellate ganglion. Sympathetic fibers from
the stellate ganglion innervate the head and neck, including
the pupil of the eye, and injury to this ganglion results in a
Horner’s Syndrome. The sympathetic innervation to the hand
originates mainly from the second and third thoracic gan-
glia, while fourth ganglion supplies the axilla. Each ganglion
receives a white preganglionic ramus from the corresponding
spinal nerve and returns a postganglionic grey ramus to the
same thoracic nerve. The heart receives a sympathetic supply
from the cervical ganglia through the superficial and deep car-
diac plexuses. The lungs and esophagus receive a sympathetic
supply from the upper four thoracic ganglia. The pulmonary
and esophageal plexuses also receive parasympathetic fibers
from the vagus nerves.

The greater and lesser splanchnic nerves arise from the
lower eight ganglia of the thoracic sympathetic chain. They
pierce the crus of the diaphragm and join the celiac plexus.
The lowest (or least) splanchnic nerve leaves the twelfth gan-
glion to ramify over the renal arteries after piercing the crus
of the diaphragm. The sympathetic trunk continues into the
abdomen passing behind the median arcuate ligament of the
diaphragm to lie on the psoas fascia.
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Division of the greater and lesser splanchnic nerves has been
performed to relieve debilitating visceral pain.¢ Neurogenic
tumors associated with the sympathetic chain are encountered
in children. These tumors may extend into the extradural space
through the lateral foramina of the vertebral bodies.

Pleura

The parietal pleura lines the chest wall. The diaphragmatic
pleura is densely adherent compared to the parietal pleura
over the ribs and mediastinum. The pleural membrane is
reflected around the hila of the lungs and continues as the vis-
ceral pleura which invests all surfaces of the lungs, including
the fissures. The pleural cavity provides a frictionless space
for lung movement during respiration. The parietal pleura
has an abundant sensory nerve supply from the intercostal
and phrenic nerves. Consequently the parietal pleura must be
anesthetized before pleural aspiration or insertion of a chest
drain. Afferents from the visceral pleura are conveyed in the
autonomic nerves which enter the lung.

The pleural membrane projects above the medial third of
the clavicle and can be penetrated during percutaneous cannu-
lation of the central veins, especially the subclavian veins. The
costodiaphragmatic recess is a deep gutter around the lower
border of the thoracic cavity where the diaphragm joins the
chest wall. Posteriorly this extends below the twelfth rib and
is regularly encountered during surgical exposure of the upper
pole of the kidney.

The lungs?’

The right lung is larger than the left and comprises three lobes.
The major, or oblique, fissure separates the upper and middle
lobes from the lower lobe. The minor, or horizontal, fissure

FI1G. 1.8. (a) The pulmonary vein, (b) Bronchopulmonary segments
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separates the upper and middle lobes. This fissure is com-
monly incomplete and in approximately 10% of the popula-
tion it is absent completely. This complicates upper or middle
lobectomy and is usually divided once the major vascular and
bronchial structures have been dealt with.

The left lung has a concave medial border - the cardiac notch
— and comprises two lobes. As with the right lung a major, or
oblique, fissure separates the upper and lower lobes.

Bronchopulmonary segments (Figs. 1.8 a, b)

Each lobe of the lung is made up of bronchopulmonary seg-
ments which are discrete anatomical units with a bronchus, an
arterial supply and a venous drainage. At segmental level the
bronchial anatomy is relatively uniform and the arterial sup-
ply normally follows the bronchus, albeit with a more variable
pattern. The segmental veins do not accompany the bronchus
but run in intersegmental planes, a matter of crucial impor-
tance for successful anatomical lung resection.”® Although it
is possible to resect individual bronchopulmonary segments
this is now of limited importance with the advent of minimally
invasive techniques and surgical staplers.

The segmental anatomy of the right and left lungs differs.
Both upper lobes comprise three bronchopulmonary segments
although the apical and posterior segments of the left upper
lobe are commonly fused. The position of the middle lobe
segments differs, with these segments comprising the lingula
of the left upper lobe and a middle lobe proper on the right.
The lower lobe of the left lung lacks a medial basal segment.

Right upper lobe

The right upper lobe bronchus at right angles to the right
main bronchus a short distance below the carina. Anomalies
involving the origin of the right upper lobe bronchus have
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TaBLE 1.2. The bronchopulmonary segments.

Bronchopulmonary segments

Left side (n = 8)

Right side (n = 10)

Upper lobe Apical Upper lobe Superior Apical posterior
Anterior Anterior
Posterior -

Middle lobe Lateral Lingular Inferior ~ Sup. lingular
Medical Inf. lingular

Lower lobe Superior Lower lobe Superior
Medial basal Anteriomedial

basal

Anterior basal
Lateral basal
Posterior basal

Lateral basal
Posterior basal

F1G. 1.9. Right upper lobe bronchus from trachea

been described in 3% of population.”” The upper lobe bron-
chus arises directly from trachea in 0.5% (Fig. 1.9). The apical
segmental bronchus arises directly from the trachea in 1.4%. In
1.1% the right upper lobe bronchus is absent, with the segmen-
tal bronchi arising independently from the main bronchus. The
right pulmonary artery divides into superior and inferior trunks
in the hilum of the lung. The superior trunk lies on the anterior
surface of the upper lobe bronchus and supplies the apical and
anterior segments. The arterial supply to the posterior segment
arises from the inferior trunk of the right pulmonary artery.
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Variations of the arterial supply to the right upper lobe are
described by Milloy et al.** A superior pulmonary artery is found
in all cases and in 10% of cases this represents the only supply
to the upper lobe. In 3.6% of cases the apical and anterior ves-
sels arise separately from the right pulmonary artery. Ascend-
ing branches from the inferior pulmonary trunk supplying the
posterior segment of the upper lobe are present in 90% of the
population although they vary in number — a single branch in
60%, two branches in 29% and three branches in 1%.

The superior pulmonary vein drains the upper and middle
lobes. It is crucial to identify and preserve the right middle
lobe vein when resecting the right upper lobe. The venous
drainage of the right upper lobe is remarkably constant.

Right middle lobe

After giving off the upper lobe bronchus the right main bron-
chus continues as the bronchus intermedius. The middle lobe
bronchus usually arises as a common stem before bifurcating
into medial and lateral segmental bronchi. The inferior trunk
of the right pulmonary artery runs down the anterior surface
of the bronchus intermedius and is conveniently identified in
the major fissure, where the branch or, more commonly, two
branches to the middle lobe can be identified.*' The artery sup-
plying the superior segment of the lower lobe arises directly
opposite the origin of the middle lobe vessels. Two segmental
veins from the middle lobe join the superior pulmonary vein.

Right lower lobe

The segmental bronchi to the right lower lobe comprise a supe-
rior segmental bronchus, which arises directly opposite the mid-
dle lobe bronchus, and then four basal segmental branches. The
middle lobe bronchus must be identified and protected during a
right lower lobectomy as it is easily damaged if the lower lobe
bronchus is mass ligated or divided using a stapler. Wragg et al
undertook a detailed study of the anatomical variations in this
region.’! A single artery supplies the superior segment of the
right lower lobe in the majority of cases. Less frequently there
are two arteries. Occasionally the arterial supply to the superior
segment arises from the ascending upper lobe posterior segmen-
tal artery. The inferior pulmonary vein has two main tributaries
- a superior segmental vein and a common basal vein.

Left upper lobe

The left main bronchus enters the hilum passing under the arch
of the aorta. The main bronchus then divides into upper and
lower lobe bronchi. The upper lobe bronchus immediately bifur-
cates into a lingular lobe bronchus and a common bronchus to
the anterior and apical posterior segments. The arterial supply
to the upper lobe is highly variable and described in detail by
Milloy et al.*» The number of branches to the upper lobe vary
from one to eight, although the most common arrangement is
three branches. The venous drainage to the left upper lobe is also
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variable comprising two to three major branches which form the
superior pulmonary vein.

Left Lower Lobe

The arterial branches to the lower lobe arise from the left pul-
monary artery deep in the major fissure. The superior segmental
artery arises from the posterior surface of the pulmonary artery
opposite, and often slightly proximal, to the lingular segmental
vessel. In 26% cases two arteries supply the superior segment
and, as with the right lower lobe, rarely there is a common ori-
gin with the upper lobe posterior segmental artery. Division of
the lower lobe arteries during a a lower lobectomy exposes the
lower lobe bronchus. The first branch is the superior segmen-
tal bronchus, which originates from the posterior and lateral
aspect of the bronchial trunk. This can be divided first to allow
division of the main bronchus flush with the upper lobe. The
venous drainage of the lower lobe enters the inferior pulmo-
nary vein usually in the form of two tributaries — a superior
segmental vein and a common basal vein.

Further Reading
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Developmental Biology and Embryology

of the Thorax

Anthony D. Lander

Introduction

¢ To understand the mechanisms involved in development of
the lung parenchyma, airways, vasculature, diaphragm, ver-
tebrae, and chest wall

e To understand the developmental aberrations that may
underlie congenital malformations of the thorax

Ideally this chapter should detail the mechanisms controlling
normal development of the thorax and explain the cause of the
congenital anomalies we manage. It cannot yet, because the
knowledge is not available. However, some important con-
cepts and recent findings are discussed. Were this chapter to
fulfill its ideal we would then ask if a complete understanding
of the basic science would influence our management of tho-
racic problems in children. It might, but there is no guarantee
that understanding the developmental biology will lead to bet-
ter surgical treatment.

Is an understanding of the basic science important? Under-
standing surfactant deficiency has made a big difference to
the management of hyaline membrane disease (HMD) in
premature babies. One family of genetic defects in surfac-
tant physiology has been described. Understanding neona-
tal lung physiology has improved the survival of premature
infants. Understanding the defect in cystic fibrosis has lead to
improvements in genetic diagnosis but gene therapy has yet to
show clinical benefit.

Developmental Biology

Insights into the embryology and teratology of the thorax have
come from descriptive studies and the application of molecular
techniques to study murine, Xenopus, chick, and particularly
Drosophila (fruit fly) development. The head—tail axis (which
developmental biologists term the anterior—posterior axis) is
segmented. Some positional information along that axis, and
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how it is interpreted in both normal and abnormal development,
is now understood.'

Much happens in an embryo before morphogenetic changes
in tissues take place. Cells are told what type of cell they are to
be and where to go — their fate is “specified.” Development is
thus the gradual allocation of specific cells to more narrowly
defined fates. Developmental biology asks, “How are the cells
chosen by position?” and “What are the molecular and cellu-
lar events that constitute changes in cell fate?”

Expression of cascades of transcription factors and interacting
cofactors regulates normal development. Disruption of normal
gene expression can produce congenital anomalies. These are the
focus of much current research. Importantly, many different insults
canresult in the same phenotypic abnormality. Moreover, one gene
defect can result in several different phenotypes. Inbred strains of
mice with either a genetic defect or a specific teratogen exposure
may have a litter of genetically identical offspring demonstrating a
wide spectrum of anomalies. These observations often cause sur-
prise to those who presume development to be rigidly prescribed
by genes acting as a blueprint for development. The genetic code
should rather be thought of as a highly influential script, or pro-
gram, played out in the chaotic physicochemical environment of
individual cells and sheets of cells that interact with one another.
It is important to consider the influence of nongenetic effects dur-
ing development. In susceptible individuals chance variations in
levels of morphogens, the timing of the switching on or off of
regulatory genes, or minor alterations in the timing of periods of
apoptosis or growth may all result in diverse anomalies.

The paradigm of molecular biology is that a gene is
transcribed into messenger RNA (mRNA). The mRNA is
translated into a protein, which may be modified by posttrans-
lational mechanisms. A cell type is defined to some extent by
the genes it expresses because these dictate to a large extent
the proteins produced. However, control of protein production
is exercised at a number of levels.

Control of gene transcription is a fundamental process in
development. This is controlled in part by transcription factors,
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which are proteins and are thus gene products themselves. A
good example is the Hox gene products. These are an important
group of transcription factors containing the homeobox. The
homeobox is 180 base pairs in length and codes for 60 amino
acids with a specific conformation that allows the protein to
bind to DNA itself and thereby influence the expression of
other genes. Protein expression is also controlled after tran-
scription into mRNA and at the stage of posttranslational
modification, which affects both function and transport.

Embryos can be studied at different times during develop-
ment, and computer reconstruction of histological sections
allows speedier and better descriptive embryology. Immuno-
histochemistry allows protein expression to be studied, and
molecular techniques such as in-situ hybridization allow gene
expression to be mapped and followed. Candidate genes can
be studied in various ways, and transgenic mice can be created
to answer specific developmental questions.

Evolution

Simple extant creatures have a head tail axis and some degree
of segmental patterning. We, too, have segmental patterning
beautifully evident in the thorax (ribs, vertebral bodies, mus-
culature, dermatomes, cardiac segments), and the thorax is
itself a major body segment. Since we share common ances-
tors, evolutionary biologists can ask how the components of
the human thorax relate to structures in drosophila and other
extant creatures.

The human thorax may have developed from segments 6, 7,
and 9 of an annelid-like common ancestor. However, of impor-
tance to mammalian development is knowledge gained from
the study of Drosophila, which has provided much insight
intothe molecular biology of normal development.

Overlapping Hox Genes Specify the Different
Thoracic Vertebrae and Ribs

In 1971 Lewis Wolpert first hypothesized that animals might
share a universal embryonic positional information system and
that developing embryos might then read this positional infor-
mation and interpret it differently depending upon the species.!
This seems to be the case for much of the head—tail axis, which
is specified by the Hox code. In Drosophila the cranial limits
of expression of a family of homeotic genes specify important
embryonic segments. They are organized in two clusters known
as the homeotic complex or HOM-C genes. During evolution this
complex was duplicated twice, and mammals have four com-
plexes of homeotic genes with similar sequence homology to the
insect HOM-C genes. In the fly the thoracic and abdominal seg-
ments are specified by the expression patterns of these genes; in
mammals thombomeres and vertebrae were early examples of
specified segments. The expression pattern provides positional
information that informs how far along the embryonic antero—
posterior axis cells are. For example: in flies the transcription
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factor coded for by the Ultrabithorax (Ubx) gene is expressed in
the third thoracic segment and influences butterflies to develop
wings whereas drosophila develops halteres, which are modi-
fied balancing organs. The influence of other transcription fac-
tors results in the different developmental outputs in different
species and in some congenital anomalies. This is entirely con-
sistent with Wolpert’s universal positional information model.
In the mouse, the cranial expression boundaries of the overlap-
ping Hox code specify the development of individual somites
or groups of somites and are involved in the detailed patterning
of the different vertebrae. The specification of the different tho-
racic vertebrae and their different ribs is thus specified by the
overlapping hox code. This family of genes is expressed from
the posterior of the embryo forward with different anterior limits
of expression. Cells know their position along the head—tail axis
depending upon which genes are switched on at their location.

Abnormal expression of certain Hox genes in mice can cause
cranialization of caudal vertebral bodies or caudalization of
cranial vertebral bodies. Some of these anomalies are remark-
ably similar to the abnormalities seen in human esophageal
atresia (EA). This suggests that abnormal head—tail patterning
at a fundamental level may be responsible for some cases of
EA with or without tracheoesophageal fistula (TEF).

In mice, disruption of the type IIB activin receptor (ActRIIB)
results in altered Hox gene expression and vertebral cranial-
ization. Genetically engineered mice carrying a homozygous
knockout of the IIB activin receptor gene (ActRIIB—/—-) die
after birth with complicated cardiac defects including defects
of cardiac situs, transposition of the great arteries, and ventric-
ular and atrial septal defects. These findings provide genetic
evidence that the ActRIIB-mediated signaling pathway plays
a critical role in patterning both anteroposterior and left—right
axes in vertebrate animals.?

The Foregut
The Origins of the Foregut Endoderm

The primitive foregut forms from definitive endoderm at the
cranial end of the trilaminar germ disk (Fig. 2.1). This defini-
tive endoderm arises from primitive ectoderm that has passed
through the cranial primitive streak and migrated forward and
laterally. It does not arise from the primitive endoderm of the
bilaminar germ disk since all of this primitive endoderm migrates
out into the extraembryonic tissues. The primitive ectoderm
fated to become foregut endoderm may receive some informa-
tion by pattern-forming phenomena before passing through the
primitive streak. Cells that then pass through the streak may be
further programmed depending upon their head—tail position
along the streak and the time when they pass. Cells passing more
caudally through the streak may have different genes switched
on to those passing through more cranially. Also those passing
through early may have different genes switched on compared
with those passing through later. The details of the major genes
involved and their products are gradually being discovered.
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Primifive streak

Definitive endodem

F1G. 2.1. Trilaminar germ disk during gastrulation with a fate map: The
fate map shows the primitive ectoderm of the bilaminar germ disk and
regional fates at the start of gastrulation. The primitive streak can be
seen at the caudal end of the head—tail axis on the fate map. Cells fated
to become the notochord migrate forward from the node on the endo-
dermal surface of the disk. Cells fated to become definitive endoderm
pass through the cranial end of the primitive streak and migrate lat-
erally, forward and backward. Primitive endoderm is pushed out into
extraembryonic tissues. Those definitive endodermal cells at the very
cranial end of the streak become foregut endoderm, some of which will
become trachea and respiratory tract lining. Cells fated to become extra
embryonic mesoderm are shown hashed. These cells pass through the
tail end of the streak. After the cells fated to become the notochord and
definitive endoderm have migrated the primitive ectoderm cells fated
to become mesoderm pass through the streak and come to lie between
the layers of endoderm and ectoderm. After all the cells have migrated
the definitive ectoderm is left on the dorsal surface fated to become
skin and neural tissue. The fate map changes with time.

The embryonic disk pictured above has been cut horizontally at the
level of the node that lies at the anterior end of the primitive streak.
The posterior part of the streak can be seen on the right hand side of
the diagram. Primitive ectodermal cells migrate in the direction of the
black lines toward the node and the primitive streak. Those that pass
through at the node form the notochord. The notochord later migrates
into the mesoderm leaving a continuous sheet of endoderm ventrally.
The notochord later helps specify the mesoderm of the future vertebral
bodies and the ventro-dorsal patterning of the esophagus and trachea

Products of the Foregut Endoderm

The thyroid, thymus, esophagus, trachea, lung buds, stomach,
liver, and pancreas develop at defined positions along the head—
tail axis of the foregut. Hox genes provide head—tail signaling
pathways that govern skeletal and central nervous system pat-
terning. Detail is emerging about the genetic programs that
specify foregut organ position, cell fate, morphogenesis, and
cellular differentiation. Sonic hedgehog (Shh) is a secreted sig-
naling protein whose endodermal expression specifies bound-
aries and may influence the differentiation of the stomach,
spleen, pancreas, intestines, and respiratory tract. Abnormal
Shh expression, or inactivation in mice, leads to defects includ-
ing TEF, heterotopic pancreas, annular pancreas, and hypos-
plenism.>* Adriamycin interferes with Shh expression in the
rodent model of EA/TEF consistent with this picture.

The Airways and Blood Vessels

The lining of the respiratory tract arises from the ventral
foregut endoderm. Extensive branching of the primitive airway
involves many bifurcations generating the tree-like structure
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ending in the alveoli and capillaries needed for postnatal gas
exchange. These bifurcations are reduced in congenital dia-
phragmatic hernia (CDH) accounting for the lung hypoplasia.
There is extensive molecular communication between epithe-
lium and mesenchyme, and there may be signal communica-
tion between vascular branching and airway branching. The
pulmonary mesenchyme arises from lateral plate mesoderm
and forms the cartilage of the trachea and main bronchi, the
lymphatics and vasculature, smooth muscle, and the pleura.
The pulmonary vasculature develops from two sources. Large
blood vessels arise from the aortic arches and the left atrium
and migrate into the lung parenchyma. The alveolar capillar-
ies arise in the lung mesenchyme near developing epithelial
buds and later connect to the larger vessels.®’

Foregut Septation

The Laryngotracheal Groove

When the human embryo is about 3mm in length and has
about ten somites at around 22-23 days after fertilization the
foregut has formed and a laryngo-tracheal groove develops in
the ventral wall. This groove is close to the fourth and sixth
pharyngeal pouches, and it deepens with elongation. It is

Lateral ridges

Primitive
esophagus

Primitive
trachea

Apoptosis
results in
deformation of
the foregut tube
which precedes
fusion of the
lateral ridges

_

FI1G. 2.2. Tracheal separation from the esophagus
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initially open to the esophagus throughout its length but two
tracheoesophageal folds develop on either side of the groove
and fuse gradually from below to separate the trachea from
the esophagus (Fig. 2.2).51° Fusion of the tracheoesophageal
folds follows coordinated apoptosis of the opposing midsec-
tions of the circumference of the foregut tube. An orifice
remains at the cranial end of the trachea with mesenchymal
swellings developing into the epiglottis, glottis, laryngeal
cartilages, and musculature.

After Normal Separation

Tracheoesophageal separation is complete by 36 days and the
stomach is then below the future diaphragm. Circular mus-
cle is evident in the esophagus by week 6, and this becomes
innervated by the vagus before the longitudinal muscle
becomes well defined at 12 weeks. Interestingly innervation
of the esophagus is abnormal in the Adriamycin model. This
is relevant when we consider the innervation and motility
problems frequently seen in children with repaired EA-TEF.
On cross section the esophagus is round at first and then by
week 5 it flattens dorsoventrally, cranially, and from side-to-
side caudally. Longitudinal ridges rotate 90° clockwise as one
looks down the esophagus. This rotation is consistent with
the rotation of the stomach, which brings the dorsal wall of
the stomach to the left. In the 7th and 8th week after fertiliza-
tion there is marked epithelial proliferation almost occluding
the esophagus. This phenomenon may be responsible for the
rare esophageal webs. It was once thought that occlusion and
failure of recanalization was a possible cause of EA but this
now seems most unlikely. The esophageal epithelium is ini-
tially ciliated but becomes replaced by a stratified squamous
epithelium after 16 weeks. Islands of ciliated mucosa are
occasionally still found in the neonatal esophagus.

Septation Failure as a Cause of EA/TEF

If tracheoesophageal separation fails, a cleft of life-threaten-
ing importance remains. Some surgeons recommend a bron-
choscopy before repairing an EA/TEF combination in all
neonates to rule out a larnyngeal cleft as well as to identify
the site of the fistula, exclude a possible upper pouch fistula,
and assess the degree of tracheomalacia. Failure of septation
leaving a TEF is seen in sonic hedgehog null mutant mice, in
Gli2/Gli3 compound null mutants, and in null mutations of N1
alpha 2.1.*! This defect has been also associated with defi-
ciencies in Foxf1,'> Tbx4," and retinoic acid (RA).'* Failure
of septation is also seen in the Adriamycin rat model of EA/
TEF. In this animal model a pregnant dam is given intraperi-
toneal Adriamycin on days 6-9 of gestation. Levels of Shh
are abnormally expressed especially dorsoventrally and the
notochord is deformed. Furthermore, the Shh level normally
declines as the embryo approaches birth but in the Adriamy-
cin-treated rats the level of Shh protein is lower than in normal
rats and fails to show temporal changes.

A.D. Lander

Lung Development

Histological Phases of Lung Development

The lungs have four distinct phases of development recog-
nizable under the microscope: 5—17 weeks pseudoglandular,
1625 weeks canalicular, 24-40 weeks terminal sac, late
fetal-8 years alveolar.

Vertebrate lungs develop from an asymmetric bud arising
from the ventral wall of the foregut, which divides into two.
The lung bud appears at about 28 days in the human. In amphib-
ians and many reptiles the lungs retain a short connection with
the esophagus, but in others the connection elongates into a
substantial trachea. Mammalian lungs occupy separate tho-
racic cavities and are divided into lobes. The number of lobes
varies in different mammals. By the fifth week there are three
branches on the right and two on the left. The asymmetry in
mice is in the same direction but with a single lobe on the left
and four on the right. Branching continues for 10 weeks with
around 24 bifurcations leading to the terminal bronchioles,
which likewise divide to form two respiratory bronchioles and
then three to six ducts, ending in an alveolar complex. The
pulmonary arteries and veins bifurcate similarly to join exten-
sive angiogenesis around the alveolar complexes.

Terminal epithelial cells differentiate into the important
surfactant producing type II pneumocytes. These are cuboidal
cells and occupy only 1-5% of the alveolar surface area. Type
I pneumocytes are as numerous but they are flat squamous
cells that thin out such that by 36 weeks the capillaries are
intimate with the future airspaces. Evidence suggests that
for up to 3 years after birth new alveoli can be generated by
subdivision of existing immature alveoli. Fetal “breathing” of
amniotic fluid is thought to have an important role in lung
development.

Genes Involved in Foregut and Lung
Development

A large number of genes and gene products have been identi-
fied that are either involved directly in the initial stages of
foregut and lung development or can affect them when muta-
tions are present.'

e Fibroblast growth factor-10 is involved in primary tracheal
branching. In mice with an FGF-10 null mutation the tra-
chea does not separate from the foregut, and nothing devel-
ops distal to the trachea.

e Hox a5 null mutants have tracheal occlusion and surfactant
deficiency.

e The forkhead transcription factors Foxp2 and Foxpl are
expressed in the lung. Loss of Foxp2 in the mouse leads to
defective postnatal lung alveolarization.'

e Fibroblast growth factor receptor-2 and -4 compound null
phenotypes have poor neonatal alveolar development and
persistent neonatal elastin deposition.
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e The epidermal growth factor receptor Egfr is important
since impaired branching and deficient alveolization are
seen in Egfr~”~ mice."”

e The sonic hedgehog (Shh) gene is involved in left-right
axis specification and differentiation of the notochord, floor
plate, and limbs. Sonic hedgehog also has a role in foregut
and lung development. Sonic hedgehog Shh mutants show
impaired branching and TEFs.*>'® Abnormal sonic hedgehog
expression is also seen in the Adriamycin rat model of EA/
TEF with the spectrum of anomalies seen in the VATER
association.”” We are aware that bronchial branching is
reduced in CDH but there is no evidence of reduced branch-
ing in human EA/TEF although this might be worth inves-
tigating.

e Other proteins thought to be important in lung develop-
ment include bone morphogenetic protein, retinoic acid,
and the Wnt signaling pathways. These agents also have
important roles in the development of other systems and are
often implicated in tumors. Many genes, especially tumor
suppressor genes and growth factors, are important in both
embryogenesis and tumors. Interestingly, Shh is yet another
example of this.?

The Diaphragm

The diaphragm was traditionally described as arising from the
septum transversum, pleuroperitoneal folds (PPFs), the dorsal
esophageal mesentery, and the body wall (Fig. 2.3).2*> The
contribution from the body wall is now known not to occur.
The septum transversum originates in mesoderm rostral to the
primitive cardiogenic mesoderm. Differential growth and ven-
tral folding of the embryo bring this primordium into a position
to divide the embryo into a pleuro-pericardial cavity rostrally
and a peritoneal cavity caudally. The pleuro-peritoneal canals
that lie laterally are then occluded by triangular-shaped PPFs.
The muscular component of the diaphragm was previously
thought to arise from the lateral body wall. It is now clear

Foregut with dorsal
mesentery

Pleuroperitoneal
membrane

Body wall ingrowth
(msucle)

Septum transversum

F1G. 2.3. The traditional view of the embryonic contributions to the
diaphragm
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that this arises from a distinct population of migratory muscle
precursor cells (MPCs) from the lateral dermo-myotomal lip.
This was concluded from the observation that in c-met null-
mutant mice the muscles of the body wall are normal but the
diaphragm has no muscle in it. The c-met gene encodes a
tyrosine kinase receptor, which is involved in the delamina-
tion and migration of MPCs.?® In support of this, Babiuk et al.
found no immunological evidence for contributions from the
lateral body wall, septum transversum, or esophageal mes-
enchyme.? They found that myogenic cells and axons des-
tined to form the neuromuscular component of the diaphragm
coalesce within the pleuro-peritoneal folds. Expansion of
these components from the PPFs forms the diaphragm.

CDH has been attributed to abnormal lung development,
abnormal phrenic nerve innervation, abnormal myotube
formation, and failure of closure of the embryonic pleuro-
peritoneal canal. The association of lung hypoplasia with
a diaphragmatic defect has encouraged this speculation.
Some think that given a hernia, pressure from the herniated
abdominal viscera damages the lung. Others think that
failure of the lung to develop allows the herniation, although
both children and animals with absent lungs usually have
intact diaphragms, which makes this view unlikely. It is most
likely that the abnormal lung development is fundamentally
associated with diaphragmatic hernia rather than there
being a cause and effect phenomenon. Indeed Guilbert et al.
have shown that in the rat nitrofen model lung hypoplasia
occurs early.?

Animal Models of CDH

There are some interesting observations that support the
argument that retinoids and the PPFs are important. Vitamin
A-deficient rats have CDH in 25-40% of pups. Defects in the
PPFs are described in these animals. The rate of herniation
decreases when vitamin A is introduced into the diet mid-
gestation. In retinoid receptor double null-mutant mice, lack-
ing both o and B subtypes of retinoic acid receptors (RAR),
offsprings have CDH.

Greer’s group has examined the developing diaphragm in
the nitrofen rat model of CDH. Nitrofen and other teratogens
are thought to perturb the retinoid signaling pathway by inhib-
iting a retinoic acid synthesizing enzyme. Greer’s group found
that malformation of the postero-lateral PPF mesenchyme in
the nitrofen model led to the defects.?*?¢ In addition, a mouse
with an inactivated gene called COUP-TFII has CDH and a
PPF defect.”

Genetic Associations

CDH usually occurs as an isolated defect although there are
some recognized syndromal associations, including Cornelia
de Lange syndrome, Fryns syndrome, and Pallister—Killian
syndrome (tetrasomy 12p mosaicism). Other chromosomal
abnormalities associated with CDH include trisomy 13, trisomy
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18, and Turner syndrome (monosomy X). Chromosome dele-
tions are reported on 1q, 8p, and 15q in association with CDH.
Fewer than 2% of CDH are familial although pedigrees are
described with autosomal recessive, autosomal dominant, and
X-linked patterns of inheritance. Anterior diaphragmatic her-
nias are more common in children with Down’s syndrome.
Unfortunately none of these genetic defects point toward an
etiological mechanism.

Left-Right Asymmetry in the Chest

Left-right asymmetry of the pulmonary anatomy is evident from
the time the lung buds first appear. The right pulmonary artery is
more bulbous and deflected away from the mid line more than
the left. There are normally three lobes to the left lung and two on
the right in the human. The main bronchi are of different lengths,
inclined at different angles and have different relationships to
the pulmonary vasculature. When there are defects in left-right
development these arrangements may be reversed; alternatively,
there may be isomeric arrangements when the lungs are grossly
symmetrical. Bronchial and pulmonary isomerisms have little
direct clinical relevance. However, these isomerisms are asso-
ciated with important cardiac, vascular, splenic anomalies, and
sometimes abnormalities of intestinal rotation.

Left bronchial isomerism is associated with left atrial
isomerism, bilateral superior caval veins, hemiazygous con-
tinuation of the inferior caval vein, a common atrioventricular
valve, ambiguous and biventricular atrioventricular connec-
tions but a relatively normal ventriculoarterial junction. The
majority of infants with left-sided isomerism have multiple
spleens and abnormal lateralization of the abdominal viscera,
including a short pancreas. About one-third have a confluent
suprahepatic venous channel connecting the hepatic veins to
the atrium. The pulmonary venous connections are normal
with two pulmonary veins on each side.

Right bronchial isomerism is associated with right atrial
isomerism and bilateral superior caval drainage. Total anoma-
lous pulmonary venous drainage, including anomalous drain-
age via a narrow sinus in the roof of atrium, is seen. There
is absence of the coronary sinus, a common atrioventricular
valve, double inlet or ambiguous atrioventricular connections,
and abnormal ventriculoarterial connections such as trans-
position of the great vessels and pulmonary obstruction. The
majority of infants have asplenia and many have abnormal lat-
eralization of the abdominal viscera.

Left is specified from the right when bilateral symmetry is
broken by monociliated cells at the primitive node. These cilia
beat in an asymmetric way imparting a force on morphogens,
so breaking the symmetry. The node lies at the anterior end of
the primitive streak and from it cells migrate toward the foregut
pocket. As they reabsorb their monocilia they start dividing
again. These cells form the notochord.”® Genes involved in
left—right development include the transforming growth factor-
beta superfamily members Lefty-1, Lefty-2, nodal transcrip-
tion factor, and hepatocyte nuclear factor-4 and Shh.
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Dynein is an important motor protein in cilia. Dynein abnor-
malities are associated with primary ciliary dyskinesia (PCD).
Patients with PCD may have defects of left-right development.

Surfactant Deficiency

The clinical term respiratory distress syndrome (RDS) and the
histological term hyaline membrane disease (HMD) have been
used to describe the consequences of surfactant deficiency in
immature lungs. Surfactant is produced by type II alveolar
cells and stored intracellularly in lamellar bodies. Surfactant
is secreted by exocytosis to form a lipid-rich monolayer that
coats the lining of the alveoli. Surfactant deficiency leads to
alveolar collapse from surface tension, a decreased functional
residual capacity, uneven lung expansion, increased capil-
lary permeability, and alveolar edema with hypoxia. Around
half of babies born between 26 and 28 weeks and 20-30%
of neonates born at 30-31 weeks of gestation develop RDS.
Understanding the basic science allows delivery of exogenous
surfactant with excellent clinical outcomes.

Respiratory distress syndrome can result from many differ-
ent causes of surfactant deficiency and is occasionally seen in
term babies. The gene for an ATP-binding cassette transporter
A3 (ABCA3) is expressed in alveolar type II cells. The protein
localizes to lamellar bodies and probably has an important role
in transporting phospholipids. Mutations of the ABCA3 gene
have been found in newborns with unexplained severe RDS,
who also showed abnormal lamellar bodies. In one study of
consanguineous families with ABCA3 gene mutations five
pairs of siblings were homozygous for the same mutation but
unique mutations were found in different families.”

Cystic Fibrosis

Cystic fibrosis (CF) is inherited in an autosomal recessive
manner and affects 1 in 2,500 newborns. The condition is
seen mainly in white babies. The defective gene is carried
by 1 in 25 Caucasians. Thus, for 1 couple in 625 (25 x 25)
both parents will have a defective gene and 1 in 4 of their
children will be homozygous for a mutation in the CF gene.
Thus, 1 child in 2,500 is affected (2,500 = 4 x 625). Cys-
tic fibrosis is caused by mutations in the gene for the cys-
tic fibrosis transmembrane conductance regulator (CFTR).
Cloning of the CF gene with subsequent characterization of
the CFTR protein by Riordan et al. in 1989 gave hope for
gene therapy. The CFTR protein is found in sweat and pan-
creatic ducts, gut, seminiferous tubules, and the lungs. When
CFTR mutations are present abnormal thick secretions are
produced limiting bacterial clearance and leading to chronic
lung damage. Life expectancy has increased from less than
10 years in the 1960s to 3040 years with better respiratory,
nutritional, and transplant management. Advanced therapies
aim to deliver the normal CF gene or protein to the lungs
hoping to restore normal cellular function. In vitro transfer
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of the CFTR gene was achieved in 1990 by Rich et al. and
in vivo to the airway epithelial cells of transgenic CF mice in
1993.332 There have been over 20 phase I studies in humans
using liposome—plasmid complexes or adenoviruses as gene
transfer vectors. The amount of gene transferred is similar
for both viruses and liposomes. Unfortunately, gene expres-
sion lasts only a few days and no trial has yet measured a
therapeutic benefit.
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Applied Physiology and Pulmonary

Function Testing

Caroline Beardsmore

Introduction

The main purpose of pulmonary function tests is to identify
and quantify abnormalities of respiratory function. Respi-
ratory function tests are rarely diagnostic by themselves
although they do contribute to diagnosis. In a surgical setting,
tests of respiratory function are important to document pre-
operative status and whether respiratory function is changing
over time. As such, they may help with timing of thoracic
surgery. Preoperative respiratory function has long been used
in adults to predict postoperative function and likelihood
of complications' although the range of investigations has
increased in recent years.? Assessment of postoperative func-
tion will document the impact of surgery on the respiratory
system. Serial measurements will show how respiratory func-
tion changes with time in individual patients. Since growth
of the thorax may continue beyond the age of 20 in males
it may be necessary to examine respiratory function over an
extended time period following surgery in childhood to be
sure of the final effect. A further value of respiratory function
may be to inform the surgeon and anesthetist of any limita-
tion of function.

There is an extensive range of tests of respiratory function
which may provide information pertinent to gas exchange, the
mechanical properties of the lungs and chest wall, the func-
tioning of the airways, or a combination of these. Some of the
tests are well established and can be performed with children
of different ages, whereas others require a level of cooperation
that may not be possible in a young child. Tests of respira-
tory function in infants are possible but usually only avail-
able in specialist laboratories. Whatever the setting for testing
children (inpatient wards, outpatient clinic, laboratory), it is
important that any measurements are performed, evaluated,
and reported by a person experienced with children and using
appropriate predicted values. Furthermore, they should be
used in conjunction with clinical and radiographic findings
and not viewed in isolation.

D.H. Parikh et al. (eds.), Pediatric Thoracic Surgery,
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Measurements of Respiratory Function

The measurement of blood gases and monitoring of pulse oxi-
metry can be considered a basic form of respiratory function
test, since they may provide evidence that the basic function of
the lungs (oxygenation) is adequate. The ability of the cardio-
respiratory system to compensate is such that these indicators
may be entirely normal in the presence of extensive disease,
and a more detailed testing is required. The most common
measurements are those of the mechanics of the respiratory
system, providing information about the divisions of lung
volume and airway function. These can be complimented by
assessment of gas mixing, pulmonary blood flow, and diffu-
sion across the alveolar wall. Measurements of respiratory
pressures can be used to assess respiratory muscle strength.

Measurements of Spirometry

Equipment

Spirometry remains the most widely used test of lung mechan-
ics, and forced vital capacity (FVC), forced expiratory volume
in one second(s) (FEV ), and FEV /FVC are still the most widely
quoted measurements. The old-fashioned, mechanical spirom-
eters (e.g., bellows, wedge, or water-sealed spirometers) have
been replaced by electronic models that are readily portable.
Many devices permit the recording of an inspiratory maneuver
as well as expiratory maneuver, which is invaluable in evaluat-
ing upper airway function. Criteria have been developed for the
minimum technical requirements for these devices,® and they
may come with a wealth of features. A high-quality graphical
display is essential for the operator to assess the technical ade-
quacy of the maneuvers and as an aid in interpretation of the
results. An integral printer allows a recording to be inserted
into the patient records. Some software packages allow for
trends to be recorded, and all will provide predicted values,
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usually based on the age, height, and gender of the subject.
Some of the more expensive models will alert the operator if
the respiratory maneuver does not accord with preset criteria
for technical acceptability,® but such criteria relate to adults
and may not be appropriate for pediatric use. For example, the
duration of a full, forced expiratory maneuver should be 6 s or
longer in an adult. Most young children find this impossible
to achieve.* The inclusion of text that provides interpretation
of the data is to be eschewed at all costs, since the machine
may be unable to distinguish between a poor effort on the part
of the subject and adequate effort but deranged lung function.
More importantly, the operator should be using his/her critical
faculties at all stages of testing, including evaluation of data.

Procedure

Almostall children aged six and above can perform spirometry.
Many younger children can perform the necessary maneuvers
with appropriate training.> The use of incentive spirometry, in
which the force and the duration of the exhalation influences
a computer animation, may improve the success rate and the
quality of the maneuvers.” Spirometric maneuvers are usually
performed with the subject seated. The use of a nose clip is
usual for consistency but not essential because the palate will
close when mouth pressure is positive, if pharyngeal function
is normal. Whatever the age of the child, she/he will require
a clear explanation of the maneuver from the operator, which
is often best accompanied by a demonstration. The subject is
generally asked to breathe quietly through the mouthpiece until
tidal respiration is stable, at which point they are asked to take
a maximum inspiration, followed immediately by full, forced
expiration, which is maintained until residual volume (RV) is
reached. At this point they may be asked for another maximal
inspiration to complete a flow volume loop. The maneuver
should be repeated after short breaks until three reproducible
recordings are obtained, unless a maximum of eight attempts
have been made without satisfactory readings, in which case
testing should be abandoned. Reproducible measurements are
defined as the two best measurements of FVC and FEV | being
within 5% or 200 mL, whichever is the greater,® although this
may not be achievable in very young or sick children. Rec-
ommendations for quality control for spirometry in preschool
children have been published.®

Infants lack the necessary cooperation to participate
actively in lung function testing but measurements of maximal
flows can be obtained in infants under mild sedation. Flow
and volume are measured from a pneumotachograph attached
to a facemask that is positioned around the nose and mouth,
and the chest and abdomen are wrapped in an inflatable jacket
connected to a pressure source. When the infant is breathing
steadily, the jacket can be rapidly inflated at the end of inspira-
tion, causing a forced expiration. A series of measurements is
made, with gradual increases in applied pressure, until forced
expiratory flow (FEF) ceases to increase in line with applied
pressure. The forced maneuver will continue below the resting
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end-expiratory level, permitting recording of the maximal
flow at functional residual capacity (V_ FRC), which is the
usual index recorded.

The forced maneuver described above yields only a par-
tial flow-volume curve but careful application of pressure at
the airway opening during inspiration results in an increase
of lung volume toward total lung capacity (TLC). When the
forced expiratory maneuver commences at this elevated lung
volume, it is possible to record timed expiratory volumes
(such as FEV ), which more closely approximate the mea-
surements in older children. The pressures used to elevate the
lung volume and to produce the forced expiration need to be
stringently controlled with proper monitoring of the infant at
all times. Guidelines are available for the technique.’

Indices Derived from Spirometry

The key measurements derived from a flow-volume maneu-
ver are the FVC and FEV . Volumes expired in other timed
intervals (e.g., forced expired volume in 0.5s (FEV /) may
also be reported. The peak expiratory flow (PEF) is also gen-
erally reported since it has been shown that any discrepan-
cies between PEF derived from a full, forced expiration and
from a short, sharp peak flow maneuver are minimal.'” The
ratio FEV /FVC is often reported, but may be normal even if
both FEV, and FVC are abnormal. Additional measurements
derived from the expiratory portion of the maneuver relate to
flows at defined fractions of the FVC. The nomenclature of
these flows has recently been standardized to FEF, and the
fraction of FVC to that which has been expired (rather than
the portion remaining in the lung). Older reports and text-
books (particularly those of European origin) may use old
nomenclature referring to maximum expiratory flows (MEF).
Similarly, the average flow across the middle half of the FVC
is reported as FEF,, ., rather than maximum mid-expiratory
flow (MMEF). The commonly reported indices derived from
spirometry are shown (Fig. 3.1).

Inspiratory flows are less commonly reported than their
expiratory counterparts. The commonest reported indices are
the peak inspiratory flow (PIF) and flow at mid-vital capac-
ity (FIF, ). In infant testing, the reported measurements may
include V__ FRC, FEV ,FEV . and FEV ..

0.75°

Interpretation

Before interpretation of measurements the operator should
inspect the recordings for technical acceptability. The expi-
ratory flow-volume curve should rise rapidly to reach peak
flow early in the maneuver and then descend smoothly to
RV without being truncated by either closure of the glottis or
early onset of inspiration. A maximum inspiratory maneuver
should have a smooth outline. The shape of a flow-volume
loop provides valuable information about the underlying con-
dition (Fig. 3.2). Both phases of the flow-volume loop should
be reproducible on a single occasion in a healthy individual
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FI1G. 3.1. Spirogram (upper panel) and expiratory flow volume loop
(lower panel), annotated to show derivation of indices of spirom-
etry. TLC Total lung capacity; FRC Functional residual capacity;
RV Residual volume; FEV, Forced expired volume in 1s; FVC
Forced vital capacity; PEF Peak expiratory flow; FEF,, FEF,
FEF; Forced expiratory flow at 25%, 50%, and 75% vital capacity,
respectively

or one with stable disease. An exception to this generaliza-
tion is a child with respiratory muscle weakness, in whom the
flow-volume loop may be variable from one maneuver to the
next. A concave shape to the expiratory limb is indicative of
intrathoracic airway obstruction, most frequently seen in chil-
dren with asthma and which is usually improved following
administration of a bronchodilator. A reduction in FVC with
expiratory flows that are preserved or elevated is found when
there is a restrictive disorder, such as scoliosis (Fig. 3.2).
While the shape of the flow-volume loop is informative,
the numerical values of PEF, FVC, and FEV | are important
for quantifying the extent of any abnormality. The practice of
expressing measurements as percentage of predicted is wide-
spread but does not truly indicate the extent of deviation from
prediction as reliably as a standard deviation score (z-score).
The ratio FEV /FVC is constant through most of the child-
hood (predicted value 84%, range 79-92%) but will tend to
be elevated in younger, shorter children (below approximately
115 cm). This is because a healthy child whose height is below
100cm may well empty their lungs within less than 1s, so
that FEV /FVC would be 100%, and the proportion of chil-
dren in whom forced expiration takes longer than 1 s increases
with age/height. In children with restrictive disease the ratio
tends to increase. The ratio will be artifactually increased
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F1G. 3.2. Flow-volume curves in health and disease. Upper panel shows
recording from a healthy child in whom the vital capacity is normal and
the expiratory flow-volume curve is very close to the predicted curve
(shown schematically). Middle panel shows a recording from a child
with an obstructive disorder (severe asthma), with characteristic scooped
appearance to the expiratory loop and flows below predicted values for
most of the expiration. Bottom panel illustrates a restrictive disorder in
which the vital capacity is reduced but there is no suggestion of con-
cavity of the expiratory loop. Note that in every case the flow-volume
loops are aligned to begin with total lung capacity at the intersection
of the axes. This is the usual default display of many spirometers and
can mislead the unwary. In the case of restrictive disorders, the deficit
in vital capacity is likely to be at total lung capacity, with a normal or
near-normal residual volume, in contrast to the display

in children who do not complete full expiration, so that the
unwary operator may suspect a restrictive disease where none
exists. Differentiating between a child with a restrictive pat-
tern of lung function and one who has not completed a full
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forced expiration may not be easy, even for a person experi-
enced in pediatric lung function. Highly consistent measure-
ments in which the flow-volume loops can be superimposed
would point toward a reliable test. When a child is not blowing
out completely the FVC may vary and the flow-volume loop
shows evidence of a sudden cessation of flow or early onset
of inspiration.

The longstanding and widespread use of spirometry means
that there are many reports involving different populations
studied with varying protocols.!! Any laboratory wanting to
select prediction equations from the literature could select
a study in which the methodology and the population were
closely matched to their own, but should be cautious about
extrapolating predictions beyond the data. This is especially
important when testing adolescents, because the limits of
prediction generally become wider during puberty. Predic-
tion equations that are adjusted on the basis of height to take
account of puberty are available for white Caucasians, cover-
ing the range of spirometric indices.'> Because FEV, may not
always be obtainable in small children, either because they
cannot sustain expiration until reaching RV or because the
maneuver is completed in less than 1s, alternative timed vol-
umes such as forced expired volumes in 0.75 or 0.5s (FEV
or FEV ) are becoming more widely used. These allow for
growth charts of lung function to be developed from early
childhood onward."* The amount of published data pertain-
ing to these indices is much less than for FEV, but would be
expected to increase as interest in lung function in preschool
children is expanding.

Application

The main application of spirometry is that of assessment,
not diagnosis. The patterns of flow volume loops may be an
important clue to site of possible obstruction — and therefore
to diagnosis — but monitoring function is much more common.
Single measurements may not be particularly helpful, since
the limits of prediction are wide, but changes in measurements
in response to treatment can be extremely informative. These
can be short term (for example the effect of a beta-2 agonist in
asthma) or over several days or weeks. Serial measurements
over longer periods of time may monitor progression of dis-
ease or recovery. Spirometric measurements are often used in
respiratory-related clinical trials, epidemiological studies, and
research into lung growth and development in both health and
disease.

Measurements of Lung Volumes

The volume of air within the lungs at rest is the functional
residual capacity (FRC), and is determined by the balance of
elastic recoil of the lungs (tending to reduce lung volume) and
that of the chest wall. The extent of possible changes from
FRC is limited by the mechanical properties of the lungs and
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the chest wall and the strength of the respiratory muscles.
Absolute values of lung volume can be obtained from whole
body plethysmography, gas dilution tests, or by gas washout
tests, in which case the primary purpose of the test is usually
to investigate gas mixing. The methods of measurement are
not equivalent, since plethysmography measures the volume
of gas in the thorax and will include any trapped gas, whereas
other techniques measure the ventilated lung volume only. In
healthy individuals the differences will be small, but in the
presence of early airway closure resulting from extensive air-
way disease there may be considerable hyperinflation, which
will be better detected by plethysmographic measurements.
Because of this difference, lung volume measurements per-
formed by plethysmography are reported as FRCpkm.I4 Hav-
ing measured FRC, a full vital capacity maneuver will enable
TLC and RV to be calculated. Measurements of lung volume
are helpful in assessment of restrictive conditions resulting
from neuromuscular disease or skeletal abnormalities, and in
quantifying the extent of hyperinflation.

Equipment and Procedure for Plethysmographic
Measurement of Lung Volume

A whole-body plethysmograph is a cabin in which the subject
can be seated that is almost airtight when closed. He breathes
through a mouthpiece and pneumotachograph so that flow and
volume can be measured. A pressure transducer is situated to
measure pressure close to the lips. A nose clip is essential.
After a period of acclimatization, a valve or shutter located
distal to the pneumotachograph is activated to occlude the
external airway for a short time, during which the subject
makes one or two respiratory efforts. After the shutter opens
he has a very short period of tidal breathing before making a
vital capacity maneuver, which enables the divisions of lung
volume to be measured.

The basis of the measurement of lung volume is the appli-
cation of Boyle’s law, which states that for a fixed mass of gas
at constant temperature, the product of pressure and volume
is constant. During the period of airway occlusion the mass of
air behind the closed shutter remains constant (oxygen uptake
and carbon dioxide production can be disregarded in such a
brief measurement) but is subjected to changes in pressure and
volume. Shutter closure is timed for the end of a tidal breath,
when there is no flow occurring and the pressure at the start of
the maneuver is therefore atmospheric. During the respiratory
efforts against the occlusion, pressure changes within the lung
are transmitted to the airway opening where they are measured
directly. The accompanying changes in lung volume (brought
about by compression and rarefaction of the fixed mass of gas
within the lung) are measured indirectly from the plethysmo-
graph. Since any change in thoracic gas volume is mirrored
by an equivalent inverse change in plethysmograph volume,
appropriate calibration allows the volume change to be cal-
culated. Thoracic gas volume can then be computed from the
following equation
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where V represents thoracic gas volume, P represents atmo-
spheric pressure (measured from the barometer and corrected
for water vapor pressure), AP represents the pressure change
in the thoracic gas volume (measured directly), and AV repre-
sents the volume change (measured indirectly).

The calculated volume is adjusted for the dead space of the
apparatus between the lips and the shutter. In small children
being studied by equipment designed for adults, this can rep-
resent a considerable adjustment and it is recommended to
keep this volume to a minimum, e.g., by selecting pediatric
mouthpieces.

The technique assumes that pressure changes are isothermal,
i.e., they are not accompanied by temperature change, which
would produce artifactual changes in volume. Establishing a
respiratory rate that is somewhat faster than that observed nat-
urally at rest prior to occlusion helps to achieve this condition.
A second assumption is that pressure change measured at the
airway opening is a true reflection of mean alveolar pressure
change. A plot of airway opening pressure against plethysmo-
graph pressure during the period of airway occlusion should
show a straight line relationship if this condition is met. Any
episodes of glottis closure are simple to detect as there will be
a sharp deviation from this plot. In cases of advanced airway
disease, there may be uneven distribution of pressure change
within the lung that give more subtle disturbance to the plot
and in these cases the measurement becomes less reliable.'>1®

Measurements are repeated after short rests, and an aver-
age value of FRCplelh is reported. For adults, the reported value
should be the mean of at least three values that agree within
5%, and measurements should be repeated until this level of
repeatability is obtained.'* When working with children it may
not be possible to achieve such stringent repeatability because
of the lack of sustained cooperation and reports based on
fewer measurements may be acceptable.'’

From a practical standpoint, children require careful instruc-
tion in the technique before beginning the test, and reinforce-
ment and encouragement at intervals between measurements.
After closing the door of the plethysmograph, it is customary
to wait for 1 or 2min before beginning the measurements in
order for cabin temperature to stabilize. A game or video can
provide a welcome distraction at this point. Good posture is
essential to achieve repeatability. The child should be seated
upright without flexion or extension of the neck. The height
of the seat and the footrest should be adjusted for comfort, or
the child may distort the plethysmographic pressure by wrig-
gling. During measurements he should place the palms of his
hands on his cheeks to avoid any dissipation of pressure due
to undue movement of the cheeks.

It is very rare for children to refuse to enter the plethysmo-
graph because they feel claustrophobic, but young children
may not be willing to be separated from parent or caregiver. In
such cases, they may be successfully studied while seated on
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the knee of an adult, provided that the adult holds their breath
at the time when measurements are being made. A small
adjustment to the plethysmograph calibration then needs to be
made to take account of the volume occupied by the accom-
panying adult.

Infant whole-body plethysmography is possible but requires
miniaturized equipment and specially trained staff skilled in
the measurement.'® Infants are studied supine and the nose
clip and mouthpiece are replaced by a facemask that is posi-
tioned around the nose and mouth with putty to provide an
airtight seal. Except in the case of very young infants (up to
1 month of age), they are sedated with chloral hydrate so that
they will sleep soundly and tolerate the necessary handling.
Contraindications to sedation include past history of apneic
events, and known or suspected upper airway abnormality.
Infants should be examined by a pediatrician prior to sedation
and testing and oxygen saturation monitored throughout the
procedure.

Equipment and Procedure for Lung Volume
Measurement by Gas Dilution

The equipment for measuring lung volume by gas dilution is
a closed circuit including a mechanical spirometer (such as a
water or rolling seal spirometer), a gas analyzer, a means of
absorbing carbon dioxide and adding oxygen, and a pump to
circulate the gases within the circuit (Fig. 3.3).

The subject breathes in and out of the circuit and the
displacement of the spirometer needs to be recorded and dis-
played to the operator. Before beginning the measurement, the
circuit is filled with a mixture of gases comprising approxi-
mately 69% nitrogen, 21% oxygen, and 10% tracer gas. The
commonest tracer gas is helium since it is inert and virtually
insoluble. The starting volume of the circuit is determined by
calibration and the initial concentration of helium is noted.
The subject wears a nose clip and initially breathes room air
through a mouthpiece. When respiration is regular the subject
is switched at end-expiration to breathe from the circuit. Over
the subsequent 1-4 min, the air within the lungs becomes com-
pletely mixed with that in the circuit and a new, lower concen-
tration of helium is recorded. As the measurement proceeds,
carbon dioxide is absorbed and the operator bleeds in oxygen,
to maintain a stable end-expiratory system volume and avoid
the risk of hypoxia developing. The volume V, (circuit plus
lung volume) is calculated from the following equation

V,= (V1C1>/C2

where C, and C, are the initial and final concentrations of
helium and V| is the starting volume of the circuit. Having
calculated V,, FRC is obtained by subtracting initial circuit
volume from V, and making any adjustment if the subject was
switched into the circuit at a volume above FRC. The mea-
surements are made with the circuit at room temperature. By
convention, lung volumes are reported under body tempera-
ture and pressure, saturated (BTPS) conditions so a final small
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FiGg. 3.3. Circuit for measure-
ment of lung volume by closed
circuit helium dilution (see text
for explanation)
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correction is made for this. The duration of each measurement
will depend on the efficiency of gas mixing. The test is usu-
ally stopped when the helium concentration remains stable for
a 15-s period, at which point the subject may be asked for a
full vital capacity maneuver to measure the divisions of lung
volume. The measurement is critically dependent on main-
taining an airtight seal around the mouthpiece, so may not
be easy in very young children or those who have difficulty
with mouthpieces. Small leaks may be difficult to detect until
a washout has progressed for some considerable time and it
becomes clear that the concentration of helium is not stabiliz-
ing. Before measurements are repeated, time must be allowed
for the helium within the lungs to be completely breathed out,
i.e., the rest period between tests takes longer than the tests
themselves. The reported value for FRC is generally taken as
the mean of at least two measurements which vary by less
than 10%.

The measurement can be readily applied to sleeping infants
by replacing the mouthpiece and nose clip with a facemask
positioned around the nose and mouth. However, a miniatur-
ized circuit is essential to reduce dead space and so that the
addition of the air from the lungs is sufficient to bring about
a measurable change in the helium concentration. The reso-
lution of the system can be improved if the helium analyzer
can be modified to add an extra decimal place. With careful
modification to the circuit, lung volumes as low as 50ml can
be accurately measured."

Indices

Both plethysmography and gas dilution will provide a mea-
surement that usually equates to end-expiratory lung volume
which is quoted in liters for children of school age and in mil-
liliters for infants. In infants, it is frequently reported in mL
per kg body weight to facilitate comparison between infants
or groups of differing age or size, but this presupposes a lin-
ear relationship between weight and lung volume. In practice,
height is the best predictor of lung volume for boys and girls
at all ages with arm span being a good surrogate in children in
whom height cannot be accurately measured. There are many
published prediction equations for lung volume in children of
school age?*? and in infancy.**’

Interpretation

An increased FRC will be found in children who are hyperin-
flated and is most commonly seen in advanced cystic fibrosis
and exacerbations of asthma. It will be accompanied by poor
airway function and arise because the small airways, narrowed
by a combination of edema of the airway wall, excessive
secretions, bronchoconstriction of the airway smooth muscle,
and loss of radial traction, will close prematurely during tidal
exhalation with consequent gas trapping. The RV is likely to
be the most affected division of lung volume in these children.
This may be reversible in whole or in part with appropriate
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treatment, depending on the primary reason for airway nar-
rowing. A reduced FRC may arise as a result of congenital
abnormality such as diaphragmatic hernia, in which case the
lung on the affected side will be small, or may be acquired
through disease such as muscular dystrophy that affect the
chest wall. Abnormal stiffness of the lung, such as in hyaline
membrane disease in preterm infants or acquired following
certain forms of chemotherapy, will make the lung less disten-
sible and result in a reduced lung volume. In such cases the
TLC will be most severely affected.

Application

Knowledge of the underlying clinical condition will guide the
clinician in the most valuable tests to perform and in the inter-
pretation of results. Single measurements that indicate normal
lung volumes may be reassuring but should not be over-
interpreted since a hypoplastic lung may be hyperinflated. A
normal FRC in this case would not indicate normal alveolar
structure. Isolated measurements are less valuable than serial
tests, which allow for progression to be monitored. Compari-
son with reference values is necessary for full interpretation,
both for clinical studies?® and research reports.”

Measurements of Ventilatory Efficiency

The efficiency of ventilation can be assessed by multiple
breath inert gas washout. The gas of choice may be nitrogen,
in which case the subject breathes oxygen during the measure-
ment. If an inert gas such as helium or argon is to be used,
the patient must first breathe a gas mix containing the gas of
choice until the lungs have reached equilibrium after which
she/he breathes room air during the washout procedure. The
basis of the measurement is that the rate of clearance of the
chosen gas is a measure of ventilatory efficiency. The clear-
ance of the gas is expressed in relation to ventilation. By
knowing the starting concentration of the gas and quantifying
the volume washed out, a measurement of lung volume can
also be obtained.?**

Equipment

The test requires a gas analyzer appropriate for the chosen
gas and a means of measuring ventilation. Since the overall
gas composition being breathed varies over the course of the
measurement, and some types of flow-measuring devices are
sensitive to physical properties of the gas, it may be neces-
sary to correct the measurement of ventilation. Equipment for
multiple breath wash out is commercially available, but some
laboratories combine other standard pieces of equipment for
the purpose of the test. The test requires minimal cooperation
other than tidal breathing so it can be applied to infants or
older children. If infants or preschool children are to be tested,
it is particularly important to minimize dead space.
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Procedure

The subject breathes through a mouthpiece or a facemask
(according to age) until she/he is settled and tidal volume is
regular. The sample port for the gas analyzer is positioned
close to the mouth or nose. If a nonresident gas is to be used,
the subject is switched to breathe a gas mix containing the
chosen gas until there is minimal change between the inspired
and the expired concentrations, i.e., wash-in is complete. At
the beginning of the washout, the subject is switched to breathe
oxygen (if nitrogen is the test gas) or air if a nonresident gas
is being used. A one-way valve is used to separate the inspired
and the expired gases. The recording of gas concentration and
ventilation usually continues until the concentration of the test
gas in the expirate is below 2%.

Indices

Analysis of the multibreath washout is complex. The mean
concentration of test gas in each expired breath is logarithmi-
cally transformed and expressed in terms of “lung volumes
expired,” or turnovers. This has the advantage that patients
of different sizes (and therefore lung volumes) can be com-
pared directly. An early index of ventilatory efficiency was the
lung clearance index (LCI), which is the number of turnovers
required to reduce the concentration of the test gas to 1/40th
of the starting concentration. More complex indices (moment
ratios) require the plotting of gas concentration against turn-
over and quantifying the change in the relationship of the
two as washout progresses.* In more recent years, advances
have been made in the analysis of multiple breath washouts,
in which each sequential expired breath is treated separately.
The change in concentration of the test gas during the plateau
phase of each expiration is used to give two measures of venti-
lation inhomogeneity, one relating to that of the acinus and the
other to inhomogeneity within the conducting airways.*

Interpretation and Application

Although washout tests have been used in pediatric settings
for several years, variations in test procedures and analysis
mean that comparison of data from different laboratories is
difficult. The technique has demonstrated impaired gas mix-
ing in the lungs of preterm infants, with and without mild lung
disease,** and in children with cystic fibrosis.*'

Maximum Respiratory Pressures

Patients with respiratory muscle weakness may be assessed
in different ways. At a certain point the weakness will result
in a reduction in vital capacity but the maximal respira-
tory pressures a patient can generate will be reduced before
any effect on vital capacity can be demonstrated. The rela-
tionship between lung volume and maximal pressures is



34

not straightforward because the maximal pressures do not
depend solely on the force generated by the respiratory
muscles but also reflect the recoil pressure of the respiratory
system, specifically the lung and the chest wall. At FRC
the elastic recoil of the lung and the chest wall are equal
and opposite so there should be no net contribution to maxi-
mal pressures. At the extremes of vital capacity, the recoil
of the respiratory system can make a substantial contribu-
tion to the pressures that the individual can generate but the
component parts are not usually measured separately. The
maximal pressures are taken as a surrogate for respiratory
muscle strength.

When there is a substantial degree of diaphragmatic weak-
ness vital capacity is reduced when the patient assumes a
supine posture. In normal adults, the fall in vital capacity
when the subject moves from seated to supine posture is less
than 10%.¥ In severe isolated diaphragmatic weakness it
may exceed 50%.% Changes in vital capacity with posture
can also be observed in children but making measurements
in a supine child can be challenging, especially if muscle
weakness makes it difficult to maintain a leak-free seal
around the mouthpiece. In contrast, maximal inspiratory and
expiratory pressures (Pmax and P max) are usually easier
to obtain and provide an indication of global respiratory
muscle weakness.

The most common measures of maximal respiratory pres-
sures are noninvasive and are measured at the mouth as the
subject makes maximal inspiratory and expiratory maneu-
vers against a blocked external airway. Inspiratory nasal
pressure can also be made with a “sniff” maneuver (sniff
nasal inspiratory pressure, SNIP) which may be easier for
patients to perform.** This means that measurements can be
obtained in a larger population that includes younger patients.
Transdiaphragmatic pressure reflects diaphragmatic func-
tion specifically but requires the introduction through the
nose of sensors to measure gastric and esophageal pressure.
These may be small balloons mounted on catheters such as
feeding tubes or miniature transducers built into catheters.
These measurements are invasive and require the subject to
perform respiratory gymnastics. As a result, they are rarely
applicable to children. They may be combined with phrenic
nerve stimulation to provide a nonvolitional measure of dia-
phragmatic strength requiring magnetic stimulation of the
phrenic nerve at the neck and recording of the transdiaphrag-
matic pressure. Maximal respiratory pressures, though less
invasive than phrenic nerve stimulation, require cooperation,
coordination, and motivation. They have been shown to cor-
relate with nonvolitional measurements in different patient
groups.*

Equipment and Procedure for Measuring Maximal
Respiratory Pressures at the Mouth

The facility to measure maximal respiratory pressures at the
mouth is incorporated into many proprietary pieces of lung
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function equipment since the main requirement is a pressure
transducer connected to a mouthpiece. Portable equipment is
also available.*! The type of mouthpiece has been shown to
influence the measurement and a cylindrical mouthpiece has
been shown to result in greater expiratory pressures than a
flanged type in children and adolescents.** A flanged mouth-
piece, however, provides results that are more reproducible
than a simple tube and is generally recommended.” Clearly
the predicted values that are employed should be derived
from studies employing the same equipment and mouthpiece
if interpretation is to be meaningful. The mouthpiece should
be connected to (1) a rigid tube that has a side arm connected
to a pressure transducer and (2) a valve that permits regu-
lar respiration prior to the measurement and is then closed
as the subject makes respiratory efforts. The dead space of
the equipment should be minimized. The apparatus should
contain a small leak so that the muscles of the mouth cannot
be used to increase P max artifactually and to prevent glot-
tis closure.* The leak may be provided by a tube of internal
diameter 1-2mm and length 20-30mm. A nose clip is not
necessary.

The lung volume at which measurements are made influ-
ences the pressures that are generated. The P max is greatest
when measured at or close to RV. The largest values of P,max
are obtained close to TLC. By convention, measurements are
made close to these extremes of vital capacity as well as at
FRC and the lung volume at which measurements are made
should be recorded. It has been shown that the posture of the
child (seated or standing) does not affect the maximal pres-
sures recorded but subjects are usually studied seated.*® This
provides consistency of approach for those children whose
conditions will lead to them becoming wheelchair users. An
experienced operator should instruct and coach them and pro-
vide verbal encouragement to obtain maximum effort. Ide-
ally, each respiratory effort should be maintained for at least
1.5 s so that the maximum pressure sustained for 1's can be
calculated.*® There are no firm recommendations relating
to the number of attempts to be made. The amount of coaching
and number of “practice” attempts needed for the child to
produce satisfactory measurements is variable. A minimum
of three measurements in which the two best results do not
differ by more than 5% has been suggested.*

In infants, maximal pressures can be measured during cry-
ing. A rubber facemask with cushion rim should be firmly
applied round the nose and the mouth, which will usually be
sufficient to stimulate crying. The mask should be connected
to a pressure transducer and recording system. The operator
should occlude the mask at the beginning and end of crying
efforts to measure peak inspiratory and expiratory pressures,
respectively.*” The facemask should have a small leak to pre-
vent glottis closure during measurement. The maximal expi-
ratory pressure can be measured as a plateau pressure (as for
older children) but maximal inspiratory pressure will be mea-
sured as a peak. It is not possible to record the lung volume at
which the pressures are measured.
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Equipment and Procedure for Measuring
Sniff Pressure

SNIP is an easier technique for children to perform than mea-
surement of pressures at the mouth because it avoids the need
for a mouthpiece and does not require maintenance of effort
for over 1s. Pressure is measured via a catheter inserted into
one nostril which is occluded with any suitable moldable
material such as eartips designed for auditory evoked poten-
tials. The pressure change recorded during a sniff is very rapid
so the pressure transducer and the recording system need to
have a high frequency response. The catheter should be as
short as is practicable.*

When the catheter has been positioned and the nostril
plugged, the child should be seated comfortably and the sys-
tem checked for leaks. This is done by transiently closing
the unobstructed nostril with a finger and asking the child to
sniff. Having ascertained that the equipment is properly posi-
tioned and leak-free in one nostril, the child is instructed to
sniff through the unobstructed nostril while ensuring that the
mouth remains closed. Maximal efforts are obtained as the
subject makes short, sharp sniffs, and visual feedback (e.g.
computer screen) and verbal encouragement from the opera-
tor are helpful.*® Sniffs should be separated by 30s and com-
mence at the end of a tidal exhalation. A learning effect has
been documented in several patient groups*® such that a series
of 20 sniffs is recommended. Not all children were able to per-
form this number of sniffs but in those who could not the best
SNIP was obtained in measurements after the tenth sniff.

Indices

For both SNIP and maximal pressures recorded at the mouth
the highest values should be recorded. It is usual to ensure
that the two highest recorded values differ by less than 5%. In
infants the maximum pressures recorded during crying should
be recorded, but these should be interpreted cautiously since
predicted values are less well established than those for chil-
dren.*” In patients with a severe restrictive ventilatory defect,
it is advisable to use both tests.*

Interpretation

Predicted values of maximal pressures from children have
been reported.’*>? In all studies, there is considerable variabil-
ity in the measurements. Pressures are greater in boys than
girls, even before puberty. In both sexes, the absolute values
are primarily related to age rather than height. The inclusion
of height in prediction equations for maximal pressures has a
greater impact on variability for boys than girls.

The variability of the indices means that isolated mea-
surements in individuals may be difficult to interpret unless
the measurement is well within the range of prediction,
which may rule out significant muscle weakness. Sequential
measurements are useful in charting progression of condition.
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Knowledge of lung volumes aids interpretation. A child
with a skeletal abnormality, for example, may have reduced
maximal expiratory pressures as a consequence of having
a reduced TLC. The pattern of reduction in pressures may
also be helpful since normal maximal expiratory pressures
in conjunction with reduced maximal inspiratory pressures
can be indicative of isolated diaphragmatic weakness, some-
thing that could be further investigated by phrenic nerve
stimulation.

Application

The primary application of measurements of maximum respi-
ratory pressures is in assessment and monitoring of patients
with respiratory muscle weakness. This may be particularly
relevant in presurgical assessment since diaphragm contrac-
tility has been shown to be reduced during administration of
nitrous oxide.*® Patients with already compromised diaphrag-
matic function may therefore be potentially placed at risk of
diaphragmatic fatigue if nitrous oxide is administered.

Contribution of Respiratory Function Tests

The indications for respiratory function testing are wide-
spread and results are important for medical management,
especially for asthma and cystic fibrosis. The contribution of
lung function testing to surgical management of children is of
equal importance although the number of children involved
will be considerably smaller. Respiratory function testing may
be important in the evaluation of anesthetic risk, or because
of possible respiratory complications after surgery. Whatever
the indication, it is important that children are evaluated in a
specialist pediatric laboratory if possible, or at least by staff
experienced in assessment of children. This is vital for young
children, not only because the testing requires that the opera-
tor be skilled at working with children but also because the
tests require more time, and equipment for testing may need
modification such as use of smaller mouthpieces and incorpo-
ration of visual incentives for spirometry. Of equal importance
is the interpretation of tests since most commercially available
pieces of equipment generate predicted values based on sex
and height of the patient. These predicted values are rarely
derived from populations including children below 115cm
height. When testing a smaller child predicted values will
be obtained by extrapolation and therefore should be viewed
with extreme caution. Furthermore, the sensitivity and the
specificity of any index of lung function may well be differ-
ent in young children than in adults, so that the classification
into “normal” and “abnormal” may have different boundaries.
The use of arbitrary cutoffs (e.g., 80% predicted) is to be dis-
couraged in the evaluation of individual patients since it has
no basis other than familiarity,* although expression of data
as percentage of predicted is frequently employed in research
studies or reports of patient series.
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Respiratory function testing is important to provide data on
outcomes of surgical procedures in different conditions. This
may have prognostic importance for individuals but is also
relevant for healthcare planning. A large follow-up study of
respiratory function following repair of diaphragmatic hernia
showed a range of outcomes, from individuals with normal
function who were able to participate in competitive sports to
others with markedly reduced performance. There are two
major drawbacks to large follow-up studies. The first is the
time period over which data were collected (26 years in this
case). Management at the time of intervention and postopera-
tive care may well alter over this time course, which will impact
on survival and morbidity. The other drawback may be the
relatively small size of the follow-up cohort. Only 45 of the 83
survivors in this example were studied and the outcomes may
be subject to bias. Despite these caveats, vital capacity was
normal in the 29 patients in whom it was measured. FEV | was
also within normal limits for these individuals, but none of the
group had an FEV | greater than the predicted value, i.e., this
index of lung function was reduced for the group as a whole.
A proportion of those studied had evidence of hyperinflation
and others had reduced mid-expiratory flows. Scintigraphic
ventilation studies showed normal distribution of ventilation
in 77% of those tested, and the abnormal findings were seen
in patients with skeletal defects or diaphragmatic adhesions.
Although the overall outcome of diaphragmatic hernia repair
may be encouraging, emerging tests of function such as hyper-
polarized helium-3 MRI scanning® will be needed to show
whether alveolar size differs between the two lungs. This in
turn will show whether the (relatively) normal lung volume
results from an increase in number of alveoli of expected size
or an overexpansion of a smaller number of alveoli on the
affected side.

The relationships between severity of the original condi-
tion, clinical findings, and respiratory function are complex
and may change with growth and time between studies. In
a study of 16 infants with tracheoesophageal fistula repair,
abnormalities of lung function measured within 3 months of
repair broadly reflected the severity of the clinical problems
encountered, and at 1 year of age those who had good function
and few symptoms initially remained well.” Those shown to
have marked abnormalities were more likely to have trouble-
some symptoms and three went on to have trachoepexy, which
resulted in immediate improvement in two of them. The third
child also had aortopexy but still failed to improve and subse-
quently died. Although this study concluded that infant respi-
ratory function testing could provide a general guide to likely
clinical progress, this was not entirely borne out by a subse-
quent study of all survivors at school age.”® Clinical findings
and respiratory function showed limited relationship to status
in infancy. Previous studies of respiratory function in adult
survivors of tracheoesophageal fistula repair had reported a
mildly restrictive pattern of lung function.® Confirmation
of this finding in the study of Agrawal et al. indicated that the
restrictive pattern was more likely to result from reduced lung
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growth rather than being a concomitant feature of the primary
congenital abnormality.

Adolescent idiopathic scoliosis is common, affecting 2% of
the population.® Impairment of pulmonary function is the most
serious consequence of this condition and in severe, untreated
cases can lead to cardiopulmonary failure. The relationship
between spinal deformity and lung function is complex; the
angle of scoliosis alone is not sufficient for pulmonary impair-
ment to be inferred.®” Extensive studies of radiologic mea-
surements in patients with scoliosis showed that the factors
predicting a restrictive pattern of lung function were the angle
of scoliosis, number of vertebrae involved, cephalad location
of the curve, and loss of normal thoracic kyphosis. Measure-
ments of maximal pressures, FEFs, and gas transfer were also
reduced, although the range of function was wide. The assess-
ment of patients with scoliosis should not focus exclusively on
the radiological measurements but should include functional
measurements in addition.®* In those patients having surgery
for adolescent idiopathic scoliosis, preoperative respiratory
function is the most important predictor of function measured
2 years postoperatively, but surgical approach also influenced
final outcome.®* An open anterior thoracic approach and a tho-
racoplasty were both associated with a small decrease in vital
capacity and TLC, although the impact was small.%

The options available for treatment of some children with
thoracic hypoplasia and scoliosis have widened with the
development of the vertical expandable prosthetic titanium rib
(VEPTR).* In a series of ten children (median age 4.3 years at
onset) serial measurements of lung function have been made
under anesthesia using a forced deflation device. The lungs
can be inflated to a preset pressure (+40cmH,0) at the endo-
tracheal tube which can then be connected to a negative pres-
sure reservoir (set to —40cmH,O) resulting in a MEF-volume
curve, albeit one constrained by the endotracheal tube and with
the “TLC” and “RV” determined by the applied pressures.®
Nevertheless, the unique and valuable data so obtained from
serial measurements has demonstrated the absolute increase in
FVC in these children, many of whom would be too young for
conventional spirometric measurements. In most cases, FVC
was reduced at the time of the first surgery but was maintained
in line with growth in height.

The commonest chest wall deformity seen by pediatricians
and in general practice is that of pectus excavatum, which
occurs in approximately 8 per 1,000 live births.®*¢” Although
psychological problems may predominate in younger patients,*®
severe defects result in functional abnormalities of variable
severity.®”° Evaluation of the condition may involve chest
radiographs and CT scanning to determine the pectus index
and fast MRI scanning to examine the degree of cardiac dis-
placement and unusual diaphragmatic excursions.”’ Spirom-
etry and plethysmography confirm a restrictive pattern of lung
function although the reductions in vital capacity and TLC are
modest.”>"* Following surgical correction there may be an ini-
tial worsening of lung function which then returns to preop-
erative levels.” Patients usually report subjective improvement
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in breathlessness and exercise tolerance. Despite the generally
good outcome, extensive surgery performed at a young age
(below 4 years) can result in marked restriction of chest wall
growth so that vital capacity in teenage years is less than half
the expected value requiring chest cavity expansion surgery.”

Conclusions

Lung function testing in children and infants, once the preserve
of a few laboratories with dedicated staff, has become much
more important in the past 20 years. The applications have
grown in line with improved technology and increased atten-
tion to standardization of protocols. Development of robust
prediction equations has aided the interpretation of data, both
in a clinical setting and in a research. Ongoing development
of new measurements and refinement of procedures will con-
tinue to provide challenges to the respiratory physiologist and,
hopefully, benefits to children with respiratory disorders and
those who care for them.
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Radiology of the Chest
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Introduction

Diagnostic imaging plays a crucial role in the safe practice
of pediatric thoracic surgery. The pediatric thoracic surgeon
must not only understand current imaging modalities but
also appreciate the merits and limitations of each technique.
Underlying any request for radiological imaging is the need
to obtain information to guide management. This may be to
confirm or refute a particular diagnosis, to guide the surgi-
cal approach, or to enable the clinician to advise parents and
children about prognosis. Increasingly imaging is used to
guide interventional radiological procedures including biopsy,
abscess and fluid drainage, dilatation of strictures, and vascu-
lar embolization.

Requesting Imaging

“Making the Best Use of a Department of Clinical Radiology”
published by The Royal College of Radiologists, provides
evidence-based guidelines for most imaging investigations.!
These guidelines draw attention to the common causes of
unnecessary investigation. These include performing the
wrong examination because of inadequate clinical information
on the request card and repeat examinations as a substitute for
obtaining imaging and reports from another hospital. With-
out exception it is better to discuss complex clinical problems
directly with the radiologist to ensure that the most appropri-
ate examination is undertaken.

Care of the Patient

Patient safety is of paramount importance. Informed consent
for radiological investigation involves discussion with parents
and children. Verbal consent is usually sufficient although writ-
ten consent should be obtained for interventional procedures
where there is significant risk of complications. Following the
study the results and implications should be communicated to
the parents and the child.

D.H. Parikh et al. (eds.), Pediatric Thoracic Surgery,
DOI: 10.1007/b136543_4, © Springer-Verlag London Limited 2009

Risks and benefits must be considered when requesting a
radiological investigation. These include the risks of transpor-
tation of a sick child to the radiology department, the risks
of the procedure including administration of contrast media,
exposure to ionizing radiation, specific procedural risks, and
the risks of sedation or anesthesia, if required.

Risks Associated with Ionizing Radiation

Radiography, fluoroscopy, CT scanning, angiography, and
nuclear medicine examinations all expose the patient to the
potentially harmful effects of ionizing radiation. Although
the risk is small, the relative risks of the various investigations
should be appreciated (Table 4.1). There is much debate about
the precise level of risk but it is generally accepted that radia-
tion risk is cumulative over the lifetime of a patient. Children
are at a greater risk of long-term effects because of their longer
life expectancy and the greater sensitivity of growing tissues to
ionizing radiation. The excess life-time risk of developing fatal
cancer following exposure to ionizing radiation in childhood is
approximately two to fourfold greater than following identical
exposure in adult life. Exposure as a neonate is thought to carry
a substantially higher risk of up to 10-15 times. These esti-
mated additional risks must be balanced against the background
incidence for the life-time development of fatal cancer of one
in three of the population as a whole. Although CT scanning
accounts for approximately 5% of all imaging, it is responsible
for approximately half of the radiation dose to the population
from medical exposure. While CT scanning is undoubtedly
an important diagnostic tool, consideration should be given to
ultrasound or MRI scanning whenever possible.'

Use of Contrast Media

Radiographic contrast media are associated with a number of
risks depending on the route of administration and the specific
properties of the contrast agent. Oral contrast media for outlin-
ing the esophagus and stomach include Barium sulphate solution
and water-soluble agents. Although Barium sulphate solution
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TABLE 4.1. Guide to the elative risks from exposure to ionizing radia-
tion during radiological examinations of the thorax.

Approx.
Estimated equivalent
additional period of
life-time risk natural Equivalent
of developing background  number of

Examination Dose (mSv)* a fatal cancer radiation chest X-rays

Chest X-ray 0.2 1in 1 million 3 days 1

Barium meal 2.6 1 in 7,000 15 months 130
8,000

Chest CT 8 1in 25,000 3.6 years 400

(MDCT)

“Doses quoted are for adults

gives better mucosal detail of the gastrointestinal tract, nonionic
low osmolar (NILO) water-soluble contrast media are used
where extravasation of contrast is considered likely or where
there is significant risk of aspiration, e.g., investigation for a tra-
cheoesophageal fistula. The higher osmolar ionic water soluble
contrast agents (e.g., Gastrograffin) are rarely used in children
for the investigation of the esophagus and stomach owing to the
acute chemical pneumonitis that may follow aspiration.

Intravenous iodinated contrast agents used for CT scanning
and angiography may be associated with both acute and delayed
general reactions, e.g., urticaria, bronchospasm, anaphylaxis,
and contrast-induced nephrotoxicity.** Although adverse reac-
tions are usually mild, bronchospasm and/or acute circulatory
collapse occurs in approximately 0.004% cases with a reported
fatality incidence of 1 in 170,000 cases. General reactions are
mostly idiosyncratic but occur more frequently in children
with a history of asthma, severe atopy, and previous contrast
medium allergy and in medically unstable patients.

Contrast medium-induced nephrotoxicity (CIN) following
injection of iodinated contrast media is well recognized. A
similar reaction may follow injection of Gadolinium contrast
agents, although this is rare in the doses used for MRI. Pre-
existing renal impairment, dehydration, diabetes, and conges-
tive cardiac failure predispose the patient to CIN but there is
little data in the literature relating to children.® Most episodes
are self-limiting, resolving in 1-2 weeks, but permanent renal
damage can result. Patients considered at risk of both gen-
eral and nephrotoxic contrast reactions must be identified
and alternative imaging strategies considered. In exceptional
cases, where the benefit of a contrast-enhanced examination
is considered to outweigh the risks, steps should be taken to
minimize any reaction. Iso-osmolar contrast agents should be
used and adequate hydration should be maintained by intrave-
nous fluids if necessary.

Imaging Modalities
Radiography

The chest X-ray is the commonest radiological examination
performed in children. In cooperative older children the chest
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X-ray is performed in the erect position with the back of the
patient facing the X-ray tube (PA erect chest X-ray), but very
sick children or neonates are generally X-rayed in a supine
or sitting position with the front of the chest facing the X-ray
tube (AP supine or sitting chest X-ray). Lateral chest X-rays
are not performed routinely but they may be helpful to assess
the position of cardiac pacing lines, chest wall deformities,
to localize an opacity seen on a frontal projection, and to
visualize the posterior lung bases. Air—fluid levels, pleural
fluid, and pneumothoraces can be difficult to detect on supine
radiographs because the image is taken with a vertical beam.
In these situations, an erect film or additional views using a
horizontal beam (lateral decubitus, or “shoot through” lateral
film) may be helpful (Fig. 4.1a, b). A collimated frontal pro-
jection of the thoracic inlet using special X-ray filters and a
higher kVp will demonstrate the trachea and main bronchi —
the “Cincinnati view” X-ray.

Fluoroscopy

Fluoroscopy may be used to examine diaphragmatic move-
ment if paralysis or paradoxical movement is suspected. Fluo-
roscopy may also help assess pulmonary inflation in children
with suspected obstructive emphysema.

Radio-opaque contrast medium is used for the majority of
fluoroscopic examinations in children. Barium sulphate or
nonionic low osmolar water soluble agents are given by bottle,
feeding tube, or cup to outline the esophagus and stomach e.g.,
in the evaluation gastroesophageal reflux. Fluoroscopy is used
during tracheo-bronchography, angiography, and some inter-
ventional procedures, e.g., balloon dilatation of the esophagus
or tracheal stenting.

In the UK all staff undertaking fluoroscopic examinations,
including surgeons using mobile image intensifiers in the
operating theater, must have received appropriate training to
limit the radiation dose to both patients and staff, keep fluo-
roscopy time and field size to a minimum, and avoid irradiat-
ing the hands of staff.”

Ultrasound Imaging

Ultrasound imaging (US) is an attractive method of imaging
the child because it avoids ionizing radiation, provides real-
time cross-sectional images, and can be performed at the bed-
side when necessary (Fig. 4.2a). Doppler ultrasound and color
flow imaging are based on the Doppler principle. This allows
the velocity and direction of blood flow to be measured and
expressed either in a spectral waveform, indicating change in
velocity with time, or as a color flow map. The use of US in the
chest is limited because acoustic energy is strongly reflected
at soft tissue/air interfaces, preventing propagation of ultra-
sound into the body. However, US is invaluable in assessing
soft tissue masses on the chest wall, evaluation of the opaque
hemithorax, determining the size and nature of pleural effu-
sions, and in assisting in the placement of intercostal drains
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FIG. 4.1. (a) Erect chest X-ray on admission. (b) Supine AP chest X-ray following Broviac line insertion demonstrating the presence of a
prominent air—fluid level in the erect X-ray within an infected bronchogenic cyst. The air—fluid level is not seen when the X-ray is taken with
a vertical beam in the supine X-ray

and pleural fluid aspiration.® US in the mediastinum is possi-
ble through the manubrium in the younger child. The thymus,
some anterior mediastinal masses, the great vessels, and the
heart can all be imaged. Assessment of intrathoracic exten-
sion of chest wall and neck masses can also be performed.
Echocardiography has largely replaced cardiac angiography
for the diagnosis of congenital heart disease, with access being
possible due to adjacency of the heart and chest wall and by
using a subxiphisternal approach.

Computed Tomography

Computed tomography (CT) has gained popularity for imaging
the pediatric chest with the recent introduction of multidetec-
tor row computed tomography scanners (MDCT).” While CT
undoubtedly provides an important diagnostic tool clinicians
and radiology staff must work closely together to minimize
radiation exposure to children according to the ALARA princi-
ple (“as low as reasonably achievable”). All departments should
have specific dose protocols for CT examinations based on the
child’s weight, age, and clinical indication.!® The latest genera-
tion of MDCT-scanners acquires multiple data sets simultane-
ously during one tube rotation and produce thin axial images
within a single breath hold of the whole thorax."" The images
are normally reviewed at a workstation where the window
width and level can be adjusted to provide optimal visualization
of anatomical structures with widely differing radiodensities.
Rapid image acquisition is especially useful in thoracic
imaging to reduce motion artifact due to breathing and cardiac

contraction. This has reduced the need for general anesthesia
and sedation in small children.!> Most children, especially those
older than 5 years, can be imaged without general anesthesia or
sedation when accompanied in the scanning room by a parent
and by explaining the procedure. Sedation may be necessary
in younger or uncooperative children. Scanning in babies can
often be achieved following a feed without sedation.

The clinical indications for CT are numerous. Intravenous
contrast medium is frequently necessary to outline major
vessels, identify anomalous or aberrant vessels, and to assess
vascularity of thoracic abnormalities, e.g. tumors, abscesses,
and most congenital lung abnormalities, and to identify
bleeding following trauma (Figs. 4.2a, b and 4.3). Contrast
enhancement is generally not required to assess parenchymal
lung disease and developmental disorders of the chest wall. If
contrast injection is to be given it is helpful if an intravenous
line is established on the ward before the scan to avoid agita-
tion, and subsequent movement, associated with cannulation
in the X-ray department.

CT with or without virtual bronchoscopy (produced by
reconstruction of the three-dimensional data set) has been
described for the evaluation of suspected foreign body aspira-
tion as an alternative to bronchoscopy especially in patients
with a low level of suspicion or nonspecific findings on chest
radiographs.!>!

For most thoracic imaging, a volumetric data set of the
whole chest is obtained with image reconstruction at an
appropriate slice thickness. In CT angiography and cardiac
imaging, 1-mm slice thickness is often necessary whereas
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FIG. 4.2. (a) An ultrasound scan demonstrates an anomalous artery (++) traversing the liver as it passes through the right hemidiaphragm to
an extralobar pulmonary sequestration in an infant with pulmonary hypoplasia. (b) Posttraumatic dissection of the aorta (arrows) shown on

this sagittal reconstruction from a CT angiogram

FiG. 4.3. High-resolution CT scan showing geographic areas of
decreased lung attenuation on the right and generalized decreased
lung attenuation on the left with bronchial dilatation, confirming the
diagnosis of bronchiolitis obliterans

5-mm slice thickness or even greater will suffice for most
general applications. Parenchymal lung abnormalities and
small airway disease (e.g., bronchiectasis) are usually imaged
using high resolution computed tomography (HRCT) (Fig.
4.3). In HRCT, single slices of 1 mm are usually obtained
every 5—10mm rather than acquiring a volumetric data set
of the whole chest, reducing the radiation exposure. Images
are reconstructed using an edge-enhancing algorithm. Small
lesions can be missed between the slices and this technique
is not suitable for detection of pulmonary metastases. MDCT
scanners allow reformatting of thin HRCT from a three-di-
mensional volume data set enabling high-quality HRCT lung
imaging without the risk of missing small nodules from the
single acquisition.'> Cooperation with breath holding is essen-
tial for a HRCT examination and high-quality inspiratory images

can be obtained in most 7-8-year-old children and often in
4-5-year-old children. Imaging in expiration for the assess-
ment of air trapping is more challenging. Children under 6
years of age are rarely able to cooperate and generally require
general anesthesia.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) produces multiplanar cross-
sectional images of the body without the need for ionizing radi-
ation or iodinated contrast media. However, CT scanning still
has the advantages of higher spatial resolution and rapid image
acquisition time. MR examinations involve several sequences
and usually take between 20min and 1 h to complete. The long
examination times coupled with the unfamiliar environment
and noise generated during the imaging sequences often fright-
ens children. Consequently sedation or general anesthesia is
needed for most children under 5 years of age.

A detailed description of the physics of MRI is beyond the
scope of this chapter. In brief, nuclei such as hydrogen, con-
taining an odd number of neutrons and protons, have intrinsic
spin and behave like magnets. When a patient is placed into the
bore of a magnet the hydrogen protons align with the external
magnetic field. Once aligned an external radiofrequency signal
is applied to alter the direction of magnetization into the trans-
verse plane (transverse magnetization) which induces an elec-
trical signal in a receiver coil. After the radiofrequency pulse
is stopped, the excited nuclei lose energy to the surrounding
environment and slowly return to their previous state, recover-
ing their longitudinal magnetization. The rate of recovery is
expressed as a time constant 7,. Hydrogen nuclei also loose
energy as a result of interactions with each other resulting
in a decrease in transverse magnetization. This rephasing is
termed as T, relaxation and is represented by the time con-
stant T,. Contrast in an MR image depends on the number of
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hydrogen nuclei (proton density) and the differences in 7', and
T, relaxation of the neighboring tissues. A variety of radiofre-
quency pulse sequences are designed to highlight differences
in tissue 7, and T, relaxation times. 7| weighted images are
characterized by images where structures of high water con-
tent are of low signal (dark on the image) and as fatty tissue
is of a higher signal (bright) whereas T, weighted images are
characterized by structures of high water content showing as a
high (bright) signal, whereas fatty tissue is generally of inter-
mediate to high signal. T, weighted images are very useful for
the identification of pathological processes on account of the
normally higher water content or surrounding edema found
in abnormal compared to normal tissues whereas anatomical
detail is generally well depicted on T, weighted images."®

In the chest, MRI is particularly useful for the evaluation of
congenital heart disease, including vascular rings and slings,
evaluation of tracheal compression, vascular and lymphatic
malformations, mediastinal masses, and lesions of the chest
wall.'”” MR angiography gives good dynamic characterization
of vascular anomalies in multiple planes following injection of
a paramagnetic contrast agent, usually a Gadolinium chelate.
MR imaging of pediatric lung pathology is still in its infancy
but this field will undoubtedly expand over the next few years.
Intravenous contrast is required less frequently in MRI than
CT but Gadolinium is usually necessary to demonstrate soft
tissue enhancement associated with infection, malignant dis-
ease, and vascular malformations.

There are a number of important contraindications and safety
issues to consider with MRI. Ferromagnetic objects must not
enter the scanning room because they are likely to become dan-
gerous missiles under the influence of the strong magnetic field.
Ferromagnetic implants pose a significant risk, due to induc-
tive heating, displacement, and interference with function. MRI
is specifically contraindicated in patients with pacemakers,
cochlear implants, any intraocular foreign body, and follow-
ing surgery if ferromagnetic surgical clips have been used. It
is essential that the safety of any known implant is established
with the MR department prior to requesting the examination.'s

Radionuclide Imaging

Indications for radionuclide imaging of the thorax in chil-
dren are relatively few. These examinations involve admin-
istration of a radioactive pharmaceutical to the patient, either
intravenously or by aerosol inhalation. The pharmaceutical
accumulates in the tissue of interest and the radiation emitted
is detected by a gamma camera and processed into an image
which represents distribution of the pharmaceutical within the
body. The resolution of radionuclide imaging is low and these
techniques are generally considered to be complementary,
providing functional information to supplement the anatomi-
cal detail identified with standard imaging.

The main applications of radionuclide scanning in the pedi-
atric thorax are outlined in Table 4.2. Ventilation—perfusion
scanning can be technically challenging in uncooperative children,
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TaBLE 4.2. Applications of nuclear medicine imaging to the pedi-
atric thorax.

Test Pharmaceutical ~ Administration Thoracic indications
Pulmonary 99m Technetium IV Pulmonary perfusion,
perfusion (Q)  labeled macroag- pulmonary embolism
gregated albumin
Cardiac/and
extracardiac shunt
Pulmonary Krypton-81 m Face mask Ventilation only
ventilation (V)
Xenon-133 Mouth piece Ventilation and wash-
out, e.g., air trapping
Bone 99 m Techne- v Bone metastases/
scintigraphy tium methylene infection
diphosphanate
MIBG scans 123-1 methyl- v Neuroblastoma pheo-
iodobenzylguani- cromocytoma
dine
FDG PET scan F-18-fluorodeox- IV Lymphoma/
yglucose neuroblastoma

particularly younger than 4 years. Ventilation scans using
Xenon-133 can be used to assess different phases of respira-
tion, i.e., first breath, equilibrium phase, and washout clearance
phase. The latter is particularly useful to demonstrate areas of
air trapping and retention, e.g., congenital lobar emphysema.
In some centers, three phase Xenon ventilation scans in combi-
nation with perfusion studies have been useful in the follow up
of chronic lung diseases, e.g., asthma and cystic fibrosis."

Interpretation of the Pediatric
Chest X-Ray

The chest X-ray is usually the first radiological examination of
a child with a suspected thoracic abnormality. It often serves
as the foundation on which to base further investigation. It
is important to develop a structured approach to chest X-ray
interpretation and be aware of the various pitfalls due to X-ray
technique, artifacts, and variations of normal that may lead the
unwary to an incorrect diagnosis.

Preliminary Steps

Prior to assessing a chest radiograph for abnormality it is
crucial to check the patient’s name, date of examination, side
marking, and the projection, i.e., AP, PA supine or erect. It
is often difficult to obtain a fully inspired and straight chest
X-ray in an uncooperative toddler. The heart shadow appears
large and bronchovascular markings are exaggerated on chest
X-ray exposed in expiration and this may give an errone-
ous impression that the toddler may have cardiac failure or
pulmonary infection. In a well-inspired chest X-ray, the dia-
phragms should project over the fifth to seventh anterior rib
ends. A rotated X-ray may result in an unequal opacifica-
tion of the two lungs, suggesting the presence of unilateral
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air trapping whereas a lordotic projection can give rise to an
abnormal cardiac contour. In a correctly positioned X-ray, the
ribs appear symmetrical and the clavicles equidistant from the
midline, projected just over the apices of the lungs.

Artifacts are a common radiological nuisance. Many are
well known, e.g., the Perspex hole of the incubator giving rise
to a round translucency, and skin folds mimicking a pneu-
mothorax. However, others are less well appreciated, e.g., hair
bobbles overlying the tracheal shadow simulating a foreign
body, or streaky translucencies over the superior mediastinum
suggesting mediastinal air when hair has been included in the
field of view.

The position of any indwelling catheters and nasogastric
and ET tubes should be checked to identify potential iatro-
genic problems, e.g., an ET tube that is too long causing col-
lapse of the right upper lobe and left lung, a recently placed
Broviac line may be misplaced resulting in a pneumothorax or
pleural effusion. Central venous catheters in general should be
positioned with their tip outside the cardiac chambers to avoid
the risk of cardiac tamponade.? The position of a nasogastric
tube should be noted. Displacement of a nasogastric tube dur-
ing its course through the mediastinum may be the first clue to
a mediastinal mass (Fig. 4.4).

Pattern Recognition

Radiological interpretation is based on the principle of pattern
recognition, i.e., the identification of radiological appearances
that differ from normal and the linking of these signs to disease
processes. All regions of the thorax including the bones and
the soft tissues should be examined in an organized sequence.
Abnormal signs should be correlated with the clinical features,
the age of the child, and the results of laboratory investigations
to formulate a diagnosis or at least a differential diagnosis.

F1G. 4.4. Chest X-ray. The nasogastric tube is displaced to the right
away from the endotracheal tube indicating the presence of a central
mediastinal mass causing bilateral hyperinflation of the lungs from
obstructive emphysema

R.J. Arthur and J. Kraft

The following section reviews pediatric chest X-ray interpre-
tation in a systematic way, highlighting important radiological
signs and indicating when further imaging may be helpful.

Trachea, Main Bronchi, and Hilar Regions

Tracheal deviation may be a sign of a mediastinal mass on
a frontal chest X-ray but this needs to be distinguished from
normal buckling of the trachea to the right at the level of the
thoracic inlet which is often seen in infants on expiratory
phase chest X-rays. A repeated chest X-ray, or fluoroscopy
combined with clinical examination will usually resolve the
issue if there is doubt. Deviation of the trachea below the tho-
racic inlet and any anterior or posterior displacement of the
trachea on a lateral projection is abnormal indicating the pres-
ence of a mediastinal mass, warranting further imaging, by
CT or by MRI scanning.

Tracheal widening or narrowing on a chest X-ray requires
further consideration particularly in the presence of a his-
tory of stridor or persistent cough. Widening may be seen
in children with chronic cough, e.g., cystic fibrosis and
in Mounier—Kuhn syndrome. HRCT of the lungs may be
needed to demonstrate bronchiectasis. Circumferential nar-
rowing or loss of visualization of the tracheal outline is the
predominant feature seen in a congenital tracheal stenosis,
whereas indentation on the lateral wall may be due to a vas-
cular ring or a mediastinal mass. A further pointer toward an
underlying tracheobronchial abnormality is widening or nar-
rowing of the carinal angle. Subsequent imaging of tracheal
abnormalities depends on the mode of presentation and dif-
ferential diagnosis. A Barium swallow is a useful and simple
examination in infants with chronic stridor as most vascular
rings will show an abnormal esophageal outline. CT or MRI
angiography will be required if the swallow is abnormal
and in most cases this will render angiography unnecessary.
Congenital tracheal stenosis is well demonstrated by both
CT and MRI.2"% CT probably has the advantage over MRI
in the assessment of the trachea and bronchi distal to the
stenosis on account of better spatial resolution. Bronchogra-
phy is a valuable adjunct to bronchoscopy in the assessment
of both tracheal stenosis and tracheobronchomalacia, espe-
cially prior to tracheal resection or airway stenting. Iso-os-
molar nonionic contrast medium can be injected cautiously
into the tracheobronchial tree via a catheter placed through
an endotracheal tube to obtain high-quality bronchographic
images (Fig. 4.5a, b). It is essential to keep the infant breath-
ing spontaneously during the procedure to gain a true assess-
ment of the degree of airway malacia.?

Enlargement of the pulmonary hila is an uncommon
abnormality in children which may be due to dilatation of
the pulmonary arteries or due to hilar lymphadenopathy.
The latter is most commonly related to viral pneumonia or
chronic infection (e.g., cystic fibrosis or tuberculosis) but it
is also an important feature of sarcoidosis and lymphoma.
CT scanning is the most appropriate way to assess hilar
lymphadenopathy.
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F1G. 4.5. Images on inspiration and expiration during bronchography. (a) Inspiration. (b) Expiration, showing tracheal collapse, confirming
the diagnosis of tracheomalacia and defining the extent of the abnormality

The Superior Mediastinum

A normal thymus gland is the commonest cause of a wid-
ened mediastinal shadow in a young child. The thymus is
variable in size and can be recognized by its characteristic
outline. The margins may have a wavy appearance result-
ing from the soft thymic tissue indenting into the intercostal
spaces. The inferior margin of the thymus may have a char-
acteristic sail shape. The thymus often increases in size
between 4 and 8 months of age before involuting to the point
where it is rarely visible on a chest X-ray beyond the age
of 8 years.?* Occasionally it may be difficult to determine
whether a prominent mediastinal shadow is abnormal or due
to a normal thymus. In infants, an ultrasound examination
of the mediastinum will usually resolve the issue. In cases
of doubt, CT or MRI may be required to exclude a thymic
tumor or other mediastinal mass. The normal thymus has a
homogeneous texture on ultrasound, CT, and MRI. The thy-
mus surrounds, rather than displaces, the brachiocephalic
vein and does not displace the trachea. Acute infection or
steroid therapy may result in transient thymic atrophy but if
persistently narrow or absent in an infant the possibility of
Di George syndrome should be considered.

When a mediastinal mass is suspected, loss of visualization
of the aortic knuckle indicates that the mass lies adjacent to
the aortic arch in the anterior or middle mediastinum. Lateral
deviation of the trachea or separation of the trachea and esoph-
agus, as indicated by the position of a NG tube, suggests the
presence of middle mediastinal mass, e.g., bronchogenic cyst.
Posterior mediastinal masses tend to result in separation of the

posterior ribs. Destruction of the ribs suggests a fast growing
and probable malignant process, whereas erosion of the ribs is
more likely to be due to a less aggressive lesion, e.g., ganlion-
euroma. Calcification may be found in neurogenic tumors and
mediastinal teratomas (Fig. 4.6a, b). If the plain film suggests
a mediastinal mass, then further characterization is necessary
by CT or MRI scanning.

The esophagus is not usually visible on a standard fron-
tal chest radiograph unless it is dilated, e.g., achalasia or
the dilated upper pouch in esophageal atresia. Esophageal
perforation or anastomotic leakage may be heralded by the
presence of pleural fluid, a pneumothorax, or a pneumome-
diastinum but confirmation is provided by a contrast swal-
low using water-soluble nonionic contrast medium. Although
this examination is best performed using fluoroscopy, a static
examination at the bedside can be performed in the critically
ill neonate by careful injection of approximately 1 cc of con-
trast via an appropriately positioned nasogastric tube with AP
and lateral X-rays.

Identification of an H-type tracheoesophageal fistula in
infants requires considerable radiological skill. In some cen-
ters, this investigation has been superseded by bronchoscopy,
particularly in the older child. The technique of choice is a
prone tube injection esophagram (Fig. 4.7). A recent report
has suggested that most fistulae can be demonstrated on a
standard contrast swallow.” These authors suggested that the
more difficult prone tube esophagram should be reserved for
patients who are intubated at significant risk of aspiration or in
whom contrast material is identified in the airway on a routine
contrast swallow.>?
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FiG. 4.6. (a) Chest X-ray shows widening of the mediastinum with obliteration of the aortic knuckle indicating an anterior or middle medi-
astinal mass. A faint opacity due to calcification is seen within the mass (arrow). (b) A contrast-enhanced CT scan demonstrates a complex
mass of mixed attenuation containing low density fatty tissue (asterisk), calcification (arrow). Excision biopsy confirmed the diagnosis of a

mature mediastinal teratoma

Fi1G. 4.7. Prone tube injection oesophagram demonstrating an H-type
tracheo-esophageal fistula, with contrast medium seen extending
obliquely from the junction of the cervicothoracic esophagus to the
trachea

The Heart and Great Vessels

The transverse diameter of a normal heart may approach 60%
of the transverse diameter of the thorax in an infant. An expi-
ratory phase radiograph may exaggerate the heart size further.
Dextroposition of the heart and the position of the gastric air
bubble should be noted as complex congenital heart disease is
often present where cardiac and visceral situs are incongruent,
e.g., dextrocardia with left-sided stomach. A right-sided aortic
arch is frequently seen in association with Tetralogy of Fallot
and in association with vascular rings.

An increase in cardiac size should prompt a close inspection
of the lungs to assess pulmonary vascularity. A reduction in
pulmonary blood flow, e.g., in pulmonary atresia is demonstrated

by the presence of oligaemic lungs where there is poor visu-
alization of pulmonary vessels in the central half of the lungs.
Branches of the pulmonary arteries should not be visible in
the peripheral third of the lung and if seen indicate increased
pulmonary blood flow often due to a left to right shunt, e.g.,
a ventricular septal defect. Where there is any suspicion of an
underlying cardiac disorder, an echocardiogram is necessary
to determine whether the abnormality is structural, i.e., due to
congenital heart disease acquired, e.g., a viral myocarditis or
due to a pericardial effusion.

Lungs/Pleural Cavities

Both hemithoraces should be of equal size and of symmetri-
cal lung density. The basic patterns of abnormality identified
in the lungs and pleural cavities can be divided broadly into
general or focal areas of:

* Increased opacification

* Increased translucency

* Ring shadows

* Pulmonary nodule(s)

* Increased pulmonary opacification

Increased opacification of a hemithorax may caused by
decreased aeration of the lung, e.g., pulmonary collapse,
pulmonary infiltrates (consolidation and interstitial fibrosis,
agenesis) or mass (tumor, congenital malformation, pleural
fluid/tumor), and abnormalities of the chest wall.
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Pulmonary collapse is often focal giving rise to linear den-
sities in the lung, although it can involve the whole of one
lobe or whole lung. The hallmark of significant pulmonary
collapse is an area of increased opacity associated with loss
of volume. The latter will alter the position of the major fis-
sures and/or the hilar shadows. If the whole lung collapses, the
mediastinum will shift toward the collapse and the ipsilateral
diaphragm will rise.

There are two basic patterns of pulmonary infiltration on
a chest X-ray: air space shadowing and interstitial infiltra-
tion (Fig. 4.8a, b). Air space shadowing, often referred to as
consolidation, is caused by fluid or pus within the alveoli.
Infection, aspiration, pulmonary hemorrhage, and pulmo-
nary edema are the commonest causes of air space shadow-
ing, which generally appears as a homogeneous opacity with
visible air bronchograms. Consolidation due to infection is
frequently segmental or lobar in distribution whereas a more
generalized “white out” of both lungs has a wide differential
diagnosis including pulmonary edema, cardiac or noncardiac,
drowning, aspiration, and opportunistic infection. Radiologi-
cal interpretation relies on correlation with the clinical setting.
In neonates, surfactant deficiency disease, acute pulmonary
edema, and congestive cardiac failure are the most frequent
causes.

Interstitial infiltration results from thickening of the pulmo-
nary interstitium or alveolar walls. Likely causes are inflam-
mation, fibrosis, infiltration, and increased interstitial fluid.
Interstitial shadowing tends to be more heterogeneous than air
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space shadowing with a linear or nodular pattern which may
be associated with septal lines and bronchial wall thickening
due to peribronchial inflammation and edema. In the acute
situation, interstitial shadowing is often caused by acute pul-
monary edema. In the neonate, this is particularly associated
with total anomalous pulmonary venous return with obstructed
venous drainage. In an older child, this is seen typically fol-
lowing acute fluid retention and in Mycoplasma pneumonia
where there may be a combination of both interstitial and air
space shadowing. When associated with a more chronic his-
tory, pulmonary interstitial disease is more likely and HRCT
may be necessary to clarify the diagnosis.'>

Pleural Fluid

In the supine position, a pleural effusion appears as a gen-
eralized increased opacity of the hemithorax, whereas in the
erect position the classical crescentic opacity in the pleu-
ral space is generally present. Preservation of normal lung
markings “through” the opacity is an indication that the
opacification is not arising from within the lung but due
to pleural fluid, particularly if loculated. The hallmark of
a large pleural effusion is the presence of mass effect with
shift of the mediastinum to the contralateral side, as opposed
to collapse where there is shift to the ipsilateral side (Fig.
4.9). No mediastinal shift is usually present with lobar con-
solidation. Pleural effusions may occur in conjunction with
collapse of the underlying lung in which case there will be
less or no mediastinal shift.

FiG. 4.8. Pulmonary infiltrates. (a) Air space shadowing secondary to acute pulmonary edema showing a prominent air bronchograms.
(b) Interstitial shadowing due to acute interstitial pulmonary edema with a predominantly linear pattern
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F1G. 4.9. Large left pleural effusion displacing the mediastinum to
the right. Note the proximal position of the tip of the central line,
which slipped back after placement, causing iatrogenic leakage of
the infusate into the pleural cavity

Tumor

A tumor arising in the lung, mediastinum, or chest wall is
often manifest by a large opacity or even a completely opaque
hemithorax with contralateral shift of the mediastinum due
to the mass effect. It may be difficult to differentiate a large
tumor from a large pleural effusion on a plain film. The pres-
ence of rib destruction or erosion and calcification within a
mass all points to an underlying tumor.

Further imaging of pulmonary opacification depends on the
clinical situation. Children who present with signs of infec-
tion, show typical radiological appearances of lobar pneumo-
nia, and who respond to antibiotics rapidly need no further
imaging. There is no good evidence to support the need to fol-
low radiograph in this group.? If recovery is incomplete a fur-
ther chest radiograph may be helpful after an interval of 4-6
weeks. Follow-up radiography should be performed earlier if
the clinical condition dictates in case complications such as an
empyema, pulmonary abscess, or pneumatocoele are devel-
oping. Further investigations are required for children with
recurrent pulmonary infections. A contrast swallow and meal
possibly supplemented with a prone tube esophagram will be
required to investigate suspected aspiration from gastroesoph-
ageal reflux or an H-type tracheoesophageal fistula. Swallow-
ing video fluoroscopy will be more appropriate for the child
thought to have a swallowing disorder. The possibility of cys-
tic fibrosis and immunodeficiency should also be considered.
HRCT is superior to chest radiography to demonstrate bron-
chiectasis. Repeated infection involving the same lobe or seg-
ment, particularly at the left base, should raise the possibility
of an extralobar pulmonary sequestration (see below).
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An ultrasound examination is the next most appropriate
investigation in children with signs of pleural fluid on a plain
film. Ultrasound will confirm the size of the effusion and indi-
cate the presence of loculations and the degree of organiza-
tion and the presence of pleural thickening (Fig. 4.10a, b). The
results may help to determine whether aspiration or drainage
is feasible in children with an empyema. Ultrasound may dem-
onstrate collapse or consolidation of the underlying lung and
sometimes areas of lung necrosis are visible. In complicated
pneumonias, CT scanning with intravenous contrast provides
better imaging of the lung parenchyma and pleural cavities but
this examination should not be considered routine. Although
US may demonstrate the presence of tumor or tumor depos-
its within the pleural space, CT scanning is necessary for
staging.

Opacification due to pulmonary collapse associated with an
acute asthmatic attack or following surgery does not require
follow-up imaging. Bronchoscopy is advised if there is a his-
tory of foreign body inhalation or where the cause is uncertain.
CT scanning may then be indicated if the pulmonary collapse
remains unexplained or if an extrinsic bronchial compression
has been demonstrated on bronchoscopy.

Increased Translucency

Generalized increased translucency may be seen if the child
makes an exuberant inspiratory effort. This is frequently noted
in children with congenital heart disease and metabolic aci-
dosis where compensatory hyperinflation often occurs in the
absence of pulmonary disease. Generalized increased trans-
lucency due to over inflation is usually associated with low
flattened diaphragms and there may be intercostal herniation of
lung. Bilateral overinflation is a feature of peripheral air trapping,
e.g., in bronchiolitis and cystic fibrosis. Central air trapping is
seen secondary to tracheal obstructions from tumor, impacted
foreign bodies, and vascular rings. A long-standing esopha-
geal foreign body impacted above the thoracic inlet may result
in localized inflammation with subsequent extrinsic compres-
sion and narrowing of the trachea.

Asymmetrical translucency of the two hemithoraces is an
important sign requiring further investigation. This may be an
artifact due to patient rotation but the possibility of air trap-
ping, e.g., from an inhaled foreign body must be considered
and a repeat straight radiograph obtained. It may be difficult
to determine which side is abnormal when the two lungs are of
different densities, but consideration of the following points,
as described by Swischuk should help*:

e Pulmonary vascularity: The side with decreased vascular-
ity is abnormal, whereas the side with increased or normal
vascularity is usually normal.

 Variation in appearance between inspiratory and expiratory
films is particularly valuable. The side which changes least
is usually abnormal.

e The size of the hemithorax is a useful pointer in which a
small completely opaque hemithorax is always abnormal.
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F16. 4.10. Ultrasound scans of the pleural cavity showing (a) organized pleural exudate typical of an empyema and (b) free fluid in the pleural
cavity. The increased echogenicity of the fluid indicates high protein content, consistent with an exudate or hemorrhage

It may be difficult to perform plain X-rays in both inspira-
tion and expiration in a young child. Fluoroscopic examina-
tion is an option. An alternative approach is to obtain two
lateral decubitus frontal views of the chest, one with the left
side down and one with the left side raised. The dependent
lung will effectively be in expiration because of the weight of
the mediastinum. The degree of change of each lung can be
assessed and air trapping confirmed of excluded.

If unilateral overinflation is present, it is necessary to
determine whether this is due to compensatory or obstructive
emphysema. Compensatory emphysema occurs following
pneumonectomy or in the presence of contralateral collapse
or agenesis. In this circumstance, the normal emphysema-
tous lung inflates and deflates appropriately and pulmonary
vascularity is normal or increased. In obstructive emphy-
sema, characteristically from an inhaled foreign body, there
will be limited or no deflation of the affected lung on expi-
ration and pulmonary vascularity will be decreased. Further
investigation depends on the mode of presentation. If the
child presents with acute onset respiratory distress, bron-
choscopy will be indicated as an inhaled foreign body is
likely even when no specific history is given. In younger
children an underling lung/bronchial abnormality is more
likely, e.g., a pulmonary artery sling or a bronchogenic cyst,
obstructing the bronchus resulting in unilateral or bilateral
obstructive emphysema.

In congenital lobar emphysema, over inflation is most often
confined to a single lobe generally with compression, and
subsequent collapse of the other ipsilateral lobes and the con-
tralateral lung. In these cases, contrast-enhanced CT or MRI
should identify the underlying cause. Radionuclide scintigra-
phy can give good functional assessment of both ventilation
and perfusion and confirm the presence of air trapping which
may be helpful in evaluating asymmetrical hypertranslucency.
However, following improvement in CT techniques and dif-
ficulties in performing radionuclide scans in young children,
this modality is used infrequently.

Air Leaks

Free air is more difficult to detect on a supine chest X-ray than
an erect film. Features suggestive of free air include translu-
cency adjacent to the heart border associated with increased
sharpness of the mediastinal structures and increased depth
and translucency of the lateral costophrenic angle — the deep
sulcus sign. If the air leak is large the lung edge may be vis-
ible. If the pneumothorax is under tension, the mediastinum
will shift to the contralateral side and the diaphragm will flat-
ten or evert. Air—fluid levels within a hydropneumothorax will
require a horizontal beam projection for demonstration.
Mediastinal air results in increased clarity of the mediasti-
nal outline. This may extend into the superior mediastinum as
linear translucencies and into the neck as surgical emphysema.
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It may be difficult to distinguish mediastinal air from a pneu-
mothorax but a lateral decubitus view with the suspicious
side raised may demonstrate a free lung edge below the cos-
tal margin whereas air in the mediastinum will stay central
in position. Air around the thymus, in a lateral shoot through
projection, confirms the presence of mediastinal air. CT is
very sensitive for detection of small amounts of free air. This
is particularly valuable following trauma or where ventilation
is increasingly difficult without explanation.*!

Pulmonary Masses and Nodules

The commonest cause of a round opacity on a chest X-ray is
a “round pneumonia” which is often associated with pneumo-
coccal infection. Correlation with clinical features will usually
confirm the diagnosis in which case further imaging is not
required. Other causes of round opacities include loculated
pleural fluid, posttraumatic contusion, fluid-filled peripheral
bronchogenic cyst, vascular malformation, and malignancy
although primary pulmonary malignancy is rare in children.
Although the presence of multiple nodules of varying sizes is
suspicious of pulmonary metastatic disease, multifocal nodules
may also be caused by infection, including fungal infection,
granulomas, papillomatosis, and multiple emboli including
septic emboli. Contrast-enhanced CT scanning is particularly
helpful in defining the number, nature, and distribution of
nodules, and is more sensitive than chest radiography for the
development of cavitation suggesting infection as the underly-
ing cause (Fig. 4.11a—). CT scanning can be used to guide
percutaneous abscess drainage and biopsy of larger nodules.

Ring Shadows

The term “ring shadow” is used to describe a well-defined
cystic areas of increased translucency. These may be large or
small, multiple or solitary. Pneumatocoeles are the commonest
case of a solitary ring shadow although the differential diag-
nosis includes a congenital lung cyst, a solitary bullus, and a
loculated pneumothorax. The presence of a thick or irregular
wall is suggestive of an abscess or necrotic tumor. Infected
pneumatocoeles may contain fluid and appear opaque on a
supine X-ray. A number of congenital lesions of the thorax
may also present as a solitary lung cyst, but multiple ring
shadows in association with mass effect are more frequent and
seen in congenital diaphragmatic hernia and congenital cystic
adenomatoid malformation (CCAM). Extralobar sequestra-
tions may also present as predominantly cystic lesion. Many
congenital thoracic lesions are nowadays diagnosed prena-
tally. Postnatal ultrasound can readily distinguish a congenital
diaphragmatic hernia and a CCAM. Color flow imaging may
demonstrate a juxta-diaphragmatic echogenic mass with an
aberrant blood supply from the aorta, indicating an extralobar
sequestration. CT or MRI is wise prior to surgical resection
of a congenital lung lesion to demonstrate the extent of pul-
monary involvement, exclude abnormality in other lobes and
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FiG. 4.11. Teenage intravenous drug addict with an empyema and
multiple septic emboli. (a) Chest X-ray demonstrates well-demar-
cated opacity at the right lung base with lung markings clearly visible
“through” the opacity due to loculated pleural fluid. Several nodules



4. Radiology of the Chest

identify arterial blood supply and venous drainage. The latter
is particularly important with right-sided pulmonary seques-
trations which may be associated with anomalous venous
drainage of the right lung in the Scimitar syndrome.***

Diaphragms

Loss of clarity of one or both diaphragms indicates loss of
aeration at the lung base either due to pulmonary collapse or
due to the presence of a mass/fluid between the lung base and
the diaphragm. Loss of clarity of the right hemidiaphragm in
association with a small hemithorax secondary to pulmonary
hypoplasia should raise a suspicion of Scimitar syndrome. CT
or MRI will clarify the pulmonary venous drainage, which
may be anomalous.

There are a number of possible explanations for apparent
elevation of the diaphragm. These include a congenital dia-
phragmatic hernia (either the Bochdalek or Morgagni type),
traumatic diaphragmatic rupture, diaphragmatic eventration,
loss of lung volume, e.g., lung hypoplasia, a subpulmonary
effusion and a subphrenic collection. Most congenital dia-
phragmatic hernias, particularly the Bochdalek type, are read-
ily diagnosed on a plain film which includes the thorax and
the abdomen. The differential diagnosis usually lies between a
congenital diaphragmatic hernia and a CCAM. In the former,
there is a paucity of gas in the abdomen because the midgut
has herniated into the thorax and in the latter the intestinal gas
pattern is normal. In some cases, particularly right-sided her-
nias, or if the X-ray has been taken very early before the bowel
has filled with air, the appearances may be confusing. Ultra-
sound may clarify the diagnosis. CT should be performed if
diaphragmatic rupture is suspected following trauma, partly to
exclude coexisting abdominal visceral injury (Fig. 4.12a, b).
The multiplanar capabilities of MRI can be particularly useful
as a “problem-solving” tool if there is difficulty distinguishing
an eventration from a Bochdalek hernia.

Ultrasound assessment of diaphragmatic movement is an
alternative to fluoroscopy for the assessment of diaphragmatic
paralysis seen most frequently following cardiac surgery or
in children with neuromuscular disorders. The examination
must be performed with spontaneous ventilation and no posi-
tive end expiratory pressure applied.

Thoracic Skeleton and Soft Tissues

Assessment of the chest X-ray is incomplete until the thoracic
skeleton and soft tissues have been assessed. Air in the soft
tissues of the neck may be a sign of a retropharyngeal abscess

<
<

FIG. 4.11. (continued) are seen in the lungs some of which show cen-
tral cavitation (arrow). CT was performed to assess the extent of the
pulmonary involvement. (b, ¢) Contrast-enhanced CT scan defined
the number and distribution of the cavitating nodules and confirmed
the presence of a loculated pleural effusion but showed no evidence
of a necrotizing pneumonia at the right lung base
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FiG. 4.12. (a) Supine chest X-ray following trauma shows opacifi-
cation of the left hemithorax and displacement of the mediastinum
(note endotracheal tube position). (b) Contrast-enhanced CT scan
shows a nasogastric tube (arrow) within the stomach which has her-
niated through the diaphragm into the left chest to lie at the same
level as the heart

or penetrating injury to the neck or pharynx (Fig. 4.13a, b).
Surgical emphysema may be seen in association with medi-
astinal air following esophageal rupture.

Generalized abnormality of the thoracic skeleton is a useful
marker of underlying metabolic bone disease, e.g., a rickety
rosary or skeletal dysplasia. Detection of an unexplained old
or new rib fracture in an infant raises the possibility of non-
accidental injury and appropriate pediatric medical advice
should be sought. Rib destruction, particularly in associa-
tion with a soft tissue mass, indicates chest wall infection or
malignancy. Displacement and scalloping of a rib and widen-
ing of the intervertebral canal are typical of benign neurogenic
tumors, e.g., a neurofibroma. Generalized abnormalities of the
chest wall may alter the translucency of the lungs. Chest wall
thickening from burns or edema will decrease translucency.
A decrease in chest wall thickness may be seen in Poland’s



54

R.J. Arthur and J. Kraft

F1G. 4.13. Child presented with dysphagia and respiratory distress.
(a) The erect chest X-ray shows air within the soft tissues and a short
air—fluid level on the left side of the neck. (b) A lateral view of the
neck demonstrates a large air—fluid level within a retropharyngeal
abscess, resulting in anterior bowing of the trachea and reversed cur-
vature of the cervical spine

»
>

F1G. 4.14. Thoracic MR scan to demonstrate the mediastinal exten-
sion of a supraclavicular lymphangioma. (a) T, weighted coronal
image showing the cystic mass (asterisk) extending deeply into the
mediastinum displacing the trachea to the right. (b) Unenhanced scan
transverse T, weighted images. (¢) Contrast-enhanced transverse T

FiG. 4.14. (continued) weighted images. The wall of the lesion
enhances, clearly identifying the extent of the lesion. Arrow indicates
the displaced trachea. Note that fluid-filled cyst is of high signal on
T, weighting and low signal on T, weighting (asterisk)
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syndrome. Soft tissue masses seen in neurofibromatosis may
project as multiple opacities in the lungs. These should be
obvious on clinical examination but occasionally a noncon-
trast CT examination of the lungs is necessary to exclude
coexisting lung disease.

The chest X-ray with additional lateral view may be the
only imaging necessary in the assessment of chest wall
abnormalities although US is being increasingly used to
examine “swelling” of the chest wall due to prominence
of the costochondral junctions and exclude the presence of
an underlying tumor. CT provides a more objective assess-
ment of the severity of significant deformities. A limited
noncontrast CT examination provides useful three-dimen-
sional imaging of pectus deformities. The Haller index,
also referred to as the pectus index, provides an objective
measure of the severity of the deformity in pectus excava-
tum. Diameters of the chest are measured on the CT scan
at the deepest level of the sternal depression. The ratio of
transverse to anteroposterior diameter of the normal chest
is approximately 2.5. A ratio greater than 3.25 represents
a significant deformity. Asymmetry in the size of the right
and the left hemithorax should also be noted because this
prejudices the final cosmetic result.

Ultrasound examination, particularly with additional color
flow imaging, is invaluable for the initial assessment of a soft
tissue mass. Hemangiomas and lymphangiomas can be iden-
tified with confidence and distinguished from solid lesions,
e.g., malignant tumor of the chest wall. Cross-sectional imag-
ing is necessary prior to surgery in most cases to determine
the full extent of the lesion, and to document mediastinal or
intrathoracic extension (Fig. 4.14a—c). The choice between
MRI and CT must be made on a case by case basis. MRI
is generally more appropriate for evaluation of soft tissue
lesions, whereas contrast-enhanced CT has the advantage
in the assessment and the staging of potentially malignant
tumors because it is more sensitive for the detection of
pulmonary metastatic disease and the identification of rib
involvement.*

Although interpretation of the pediatric chest X-ray may
seem daunting at first, the structured approach described
above should direct the clinician toward the correct diagnosis.
However, it remains good practice to discuss the films with an
experienced pediatric radiologist prior to surgery.
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Anesthesia for Thoracic Surgery

Oliver Bagshaw and Steven Cray

Introduction

Pediatric thoracic procedures provide an enormous challenge
for even the most experienced pediatric anesthesiologist.
Patients are often small and may have significant respiratory
disease, surgery is technically difficult and may compromise
both the cardiovascular and respiratory systems, and the pro-
cedures can result in severe postoperative pain.

Thoracic conditions can generally be classified as congeni-
tal, infective, neoplastic, and traumatic. Patients may pres-
ent with their condition at any age, from antenatal diagnosis
(congenital lobar emphysema, cystic adenomatoid malforma-
tion), through the neonatal period (tracheoesophageal fistula,
congenital diaphragmatic hernia), childhood (pulmonary
sequestration, empyema), and up to adolescence (mediasti-
nal mass, pectus excavatum). Unlike adult patients, children
are often completely asymptomatic and diagnosis of their
underlying condition may be coincidental. The quality of the
nondiseased parts of the lungs is generally good and therefore
there is often better tolerance of single-lung ventilation (SLV),
although this can be negated in younger children by adverse
physiological consequences.

The major considerations for the anesthesiologist are the
age of the patient, associated pathology, the preoperative
patient condition, the use of invasive monitoring, lung isola-
tion, and postoperative analgesia.

Historical Perspective

Thoracic anesthesia has developed as a subspecialty since
the 1930s, when the introduction of endotracheal intubation
and positive pressure ventilation into routine clinical practice
greatly improved the operating conditions for the surgeons
and the outcomes for the patients.'? Before that anesthesi-
ologists and surgeons had struggled to overcome the adverse
physiological effects of an open pneumothorax in a spontane-
ously breathing, anesthetized patient, undergoing major sur-
gery. The first recorded attempt at a pulmonary resection by
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the surgeon H.M. Block, in East Prussia, ended in tragedy,
with the death of the patient. It was soon understood by the
surgeons of the time, that to open the chest was to kill the
patient. Dieffenbach qualified this with the maxim “stop at
the pleura.” Thus thoracic surgery was limited to chest wall
procedures and the drainage of pleural fluid collections and
the evolution of thoracic surgery as a subspecialty ground to
a halt for many years, until the problem of how to overcome
the adverse physiological consequences of the open chest was
conquered.?

Most anesthetics in the early part of the twentieth century
consisted of the administration of either ether or chloroform
by facemask, to a patient spontaneously breathing room air. In
thoracic surgery, access was limited by the size of the thoraco-
tomy wound the patient would tolerate. Often the lung had to
be used as a plug to prevent enlargement of the pneumothorax
created when the pleura was opened and the surgeons had to
work quickly, before there was a significant deterioration in
the patient’s respiratory status.

Despite experimentation from the mid-nineteenth century
onward, it was not until the late 1920s that a practical design
for an endotracheal tube (ETT) was introduced, and the early
1930s before the use of positive pressure ventilation during
surgery became routine. In both cases, this was due to the
work of Arthur Guedel.'? This was further facilitated by the
introduction of neuromuscular blockade with curare into
clinical practice by Harold Griffith in 19424

The next challenge was recognition of the need for lung
isolation with surgery for conditions such as hemoptysis, lung
abscess, and bronchopleural fistula (BPF). Selective one-
lung intubation and ventilation was first employed by Gale
and Waters in 1931, by advancing a cuffed rubber ETT into
a bronchus and inflating the cuff.’ Soon afterward bronchial
blockers were introduced into clinical practice, with a view
to isolating the nonoperative lung from contamination by
purulent secretions.®” These required considerable skill and
experience to place accurately and maintain in position during
surgery. The first double-lumen endotracheal tube (DLT) was
designed by the Swedish physiologist, Carlens.® He initially
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used it for differential lung spirometry and it was not until
a year later that the tube was first used in thoracic surgery.’
There is no doubt that the introduction and development of the
DLT and a better understanding of the physiological conse-
quences of SLV allowed anesthesiologists to develop clinical
strategies to minimize its impact on patient wellbeing."

Improvements in pediatric thoracic anesthesia have mir-
rored those in adult practice, although the limitation imposed
by the minimum size of the DLT has meant that pediatric anes-
thesiologists have had to be more creative in the way in which
they manage lung isolation. Initially patients were managed
with simple intubation and endotracheal suction. However,
there followed a report of the use of a bronchial blocker in
a children of 14 months."" The development of epidural and
paravertebral analgesia as the routine method of providing
postoperative analgesia following thoracotomy has improved
pain relief in both infants and children and allowed anesthe-
siologists to avoid the use of potent opioids in this vulner-
able population.'>'* Improvements in anesthetic practice have
meant that in many places, these patients will no longer be
admitted to the pediatric intensive care unit in the postopera-
tive period. Postoperative recovery has been further improved
by the development of less invasive video-assisted thoraco-
scopic surgery (VATS).

Anatomical and Physiological
Considerations in the Neonate

The pediatric anatomy and physiology undergoes consider-
able change during the first 8 years of life. The most dramatic
changes occur within the first month, with transition from a
fetal state, with complete dependence on the placenta for basic
physiological functions, to an independent existence outside
the uterus.

The neonate will increase in weight about 20 times, as it
grows into an adult, but its length will only increase by about
3-3.5 times. The relevance of this is that the newborn has a
surface area to volume ratio over twice that of an adult, allow-
ing it to cool at a much faster rate. Coupled with less subcuta-
neous tissue, immature musculature, and an inability to shiver,
neonates are effectively homeothermic, and will become
hypothermic over time, unless nursed in a thermoneutral envi-
ronment.

The neonate has a large head, short neck, and relatively
large tongue. The larynx is higher (C3), the epiglottis is
floppy and shaped like a horseshoe, and the cricoid ring is
the narrowest portion of the airway. The airways are not fully
developed and the abdomen is often large, reducing functional
residual capacity. When supine, this reduces further, allowing
closing volume to impinge on tidal ventilation, with the poten-
tial for atelectasis, increased ventilation perfusion mismatch,
increased physiological shunt and hypoxia. The ribs are more
horizontal and elastic, while the lack of Type I (slow twitch)
respiratory fibers, in the diaphragm makes a baby more like

O. Bagshaw and S. Cray

a sprinter than a long-distance runner.'”” Lung compliance is
decreased, while chest wall compliance is greatly increased,
compared with adults. All these factors mean there is poor
tolerance of an increased work of breathing, which can result
in respiratory distress, periodic breathing, and eventually
apnea, as the baby tires. The relative metabolic rate and there-
fore oxygen consumption and carbon dioxide production, is
approximately twice that of an adult. The neonate and infant
are therefore at a mechanical and physiological disadvantage,
compared with older children and adults, increasing their sus-
ceptibility to respiratory disease and reducing their ability to
compensate for pathological changes.

The fetal circulation is a parallel system which allows
blood to bypass the lungs through both the foramen ovale
(FO) and the ductus arteriosus (DA). At birth, the FO closes
allowing blood in the right side of the heart to pass into the
pulmonary circulation. Changes in the relative resistances of
the pulmonary and systemic circulations and closure of the
DA soon afterward, mean that a series system is established,
with no shunting of blood between circulations. Clearly,
there are circumstances where either the DA fails to close
or reopens, creating a shunt. The right ventricle (RV) is of
similar size and thickness to the left ventricle and the pul-
monary vasculature is relatively muscular and reactive. Over
the next few weeks this changes, with the RV thinning as it
pumps into the lower pressure pulmonary circulation. The
poor compliance of the ventricles at birth was thought to
make the neonatal heart relatively rate dependent for changes
in cardiac output,'® although this has been refuted' and there
is evidence to show that the Frank—Starling mechanism may
also influence cardiac output in neonates.’*?' The pulmo-
nary vasculature is liable to react to insults such as hypoxia,
hypercarbia, and acidosis.”>* In extreme cases, the neonate
may develop severe pulmonary hypertension with right to
left shunting across the foramen ovale and through the DA, a
condition known as persistent pulmonary hypertension of the
newborn (PPHN).>* Vascular resistance is less in neonates,
leading to a lower blood pressure, higher blood volume, and
increased cardiac index. The presence of large amounts of
fetal hemoglobin (HbF) means that the oxygen dissociation
curve is shifted to the left, allowing the neonate to tolerate
lower oxygen saturations than older children, both in utero
and in the presence of cyanotic congenital heart disease.
However, oxygen delivery is compromised by the inability
of HbF to offload oxygen to the tissues, which is why it is
rapidly replaced following birth.

Renal and hepatic function is immature at birth. The kid-
neys initially have a lower GFR, making them less efficient.”
As this improves, so does the volume of urine produced, but
impaired concentrating mechanisms mean that the ability
of the neonate to compensate for changes in hydration sta-
tus is compromised.* Fluid and electrolyte requirements are
increased. Hepatic enzyme systems are immature, affecting
the ability of the neonate to metabolize drugs, and glycogen
storage in the liver is poor.
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The CNS is also functionally immature, with GABA and
NMDA receptors having an excitatory rather than an inhibitory
effect.”’?8 There is increased blood-brain barrier permeability
to drugs and a tendency to apnea at times of stress. Despite
this immaturity, the neurophysiological pathways necessary
to allow the neonate to experience noxious stimuli as pain are
present from before birth.? The dural sheath extends down
to the L4-5 level at birth, rather than the L1-2 level in older
children, meaning that even low-level lumbar epidural inser-
tion runs the potential risk of spinal cord trauma.

Physiology of Single-Lung Ventilation

Lung isolation is a key component of anesthesia for thoracic
surgery. It was originally developed through the need to protect
the nonoperative lung from soiling (blood, infected secretions,
cyst contents) and to allow effective ventilation in situations
where there was significant ongoing air leak (BPF). It subse-
quently allowed surgeons to undertake operations that were
not previously possible, due to improvements in the access
and the surgical field.

As has already been described, the infant has a lower FRC
than the older child.**" This reduces further with anesthesia
and neuromuscular paralysis.*> Unless positive end-expiratory
pressure (PEEP) is applied, airway collapse can occur dur-
ing tidal ventilation, leading to increased atelectasis, shunt,
venous admixture, and worsening ventilation—perfusion
(V/Q) mismatch. Once atelectasis has occurred, simple appli-
cation of PEEP is not enough to re-recruit the collapsed lung
and a recruitment maneuver involving vital capacity breaths,
with or without increased PEEP, is required.**** This may be
compounded in thoracic anesthesia, as the lateral decubitus
position (LDP) and the open chest lead to atelectasis in both
lungs. The dependent lung is compressed by the weight of the
mediastinal and the abdominal contents, while the nondepen-
dent lung is no longer held open by the elastic recoil of the tho-
racic wall. To an extent, this is mitigated by the altered pattern
of pulmonary blood flow, whereby gravity encourages blood
to flow through the ventilated dependent lung. However, the
degree of V/Q mismatch can vary considerably, depending on
the position of the dependent lung on the compliance curve.
Too low and the respiratory cycle occurs below the lower
inflection point, where ventilation is inadequate for the degree
of perfusion (low V/Q ratio); too high and the cycle occurs
above the higher inflection point, where ventilation exceeds
the degree of perfusion (high V/Q ratio). Both scenarios lead
to tidal ventilation occurring on the relatively flat, noncompli-
ant portions of the curve (Fig. 5.1).

Key to understanding the physiology of SLV in thoracic
anesthesia is an understanding of the effects of the LDP on
ventilation and perfusion. These can be further influenced by
both anesthesia and surgery. In the LDP the ventilation—
perfusion relationship of the lungs in children is different
from that in adults.
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F1G. 5.1. Static compliance curve of the lung. Area A extends from
the lower inflection point (LIP) to the residual volume (RV) and rep-
resents under inflated lung of low compliance. Area B is the region
between the LIP and the upper inflection point (UIP) and represents
the area of optimum compliance. Area C extends from the UIP to the
total lung capacity (TLC) and represents over inflated lung, also of
low compliance

Lateral decubitus Position: Adults

In an awake adult, the weight of the thoracic contents causes
a gradient of pressure from negative in the nondependent lung
to positive in the dependent lung. This causes the nondepen-
dent lung to be relatively overventilated and it sits high on the
compliance curve. The dependent lung sits much more favor-
ably on the steep, compliant portion of the curve. Pressure
from the abdominal contents also cause increased doming of
the dependent diaphragm, leading to more efficient contrac-
tion.* Concurrently, gravity distributes most of the blood flow
to the dependent lung, with little going to the nondependent
lung. This produces good V/Q matching, with little change
from the normal relationship.

Anesthesia allows the abdominal contents to push up into
the chest, affecting both lungs, but primarily the dependent
lung. This leads to a reduction in FRC, with a shift in the posi-
tion of both lungs on the compliance curve. The dependent
Iung moves down to the flat, noncompliant portion, while the
nondependent lung moves to the position where the dependent
lung had been, on the steep, compliant portion of the curve.
There is little effect on pulmonary blood flow, so the net result
is a worsening of V/Q matching, with increased dead space and
shunt (Table 5.1). This can be further exacerbated by the use
of muscle relaxant drugs, which negate the beneficial effects
of the dependent diaphragmatic function on ventilation in the
lower lung. Application of PEEP restores FRC and allows the
lungs to move back up the compliance curve toward their pre-
anesthesia positions, with a subsequent improvement in V/Q
matching and oxygenation.
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TaBLE 5.1. Effect of different physiological states on FRC and V/Q
ratio in adults in the LDP.

Dependent lung Nondependent lung

FRC FRC V/Q ratio
LDP awake Normal High —
LDP anesthesia Low Normal d
LDP chest open Very low High A

TaBLE 5.2. Effect of different physiological states on FRC and V/Q
ratio in infants in the LDP.

Dependent lung  Nondependent lung

FRC FRC V/Q ratio
LDP awake Low Normal l
LDP anesthesia Low High L
LDP chest open Very low High VAN

Lateral decubitus position: Children

The main difference between children and adults is the posi-
tion of the lungs on the compliance curve. It has been specu-
lated that the increased compliance of the child’s chest wall
allows further compression of the dependent lung and a
greater reduction in that lung’s FRC, such that it approaches
residual volume. This allows the closing volume to impinge
on tidal ventilation, so that airways in the dependent lung col-
lapse and no longer contribute to gas exchange. More venti-
lation is therefore distributed to the nondependent lung than
would be the case in an adult.** In both ventilated and spon-
taneously breathing anesthetized infants, this effect has been
shown to cause an overall increase in FRC, due to a shift of
the nondependent lung to a more favorable position on the
compliance curve. It only decreases again once the pleura is
opened and retraction of the upper lung occurs.*** The overall
effect of these ventilatory changes, in conjunction with more
perfusion to the dependent lung due to the effects of gravity,
is to increase V/Q mismatch and physiological deadspace.*'**
There is also a less-marked effect of the abdominal pressure
gradient on the mechanical properties of the dependent dia-
phragm, such that the mechanical advantage seen in adults
does not seem to occur in small children.

Perfusion may also be affected by changes in pulmonary
vascular resistance. Pulmonary vascular resistance increases
at the extremes of lung volume, due to the mechanical effects
of the lung on vessel diameter.*** Theoretically this would
cause a similar redistribution of blood flow to the upper lung,
although this has not been proven in children. Indeed, the
small size of the child’s chest means that the hydrostatic pres-
sure gradient in the lungs is less than in adults, so that the ben-
eficial effect of the gradient in terms of matching ventilation
and perfusion is less marked.®

In both adults and children, opening the chest leads to
a further increase in V/Q mismatch, as the nondependent
lung becomes more compliant and easier to ventilate, while
the dependent lung is further compressed by the unop-
posed weight of the abdominal and mediastinal contents.
This causes an additional reduction in the movement of the
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dependent diaphragm, exacerbating the hypoventilation. It
would be impossible for the patient to effectively breathe
spontaneously in this situation and positive pressure ventila-
tion becomes mandatory. In practical terms, this mismatch
can be obviated by reducing ventilation to the nondependent
lung by employing either SLV or surgical retraction.

To some extent these changes are mitigated by hypoxic
pulmonary vasoconstriction (HPV), whereby underventilated
areas of lung have their blood supply reduced by a reflex
increase in vascular resistance.*® Under normal circumstances
the dependent lung receives about 60% of the pulmonary
blood flow, but only 40% of the ventilation. HPV reduces
blood flow in the nondependent lung by about half, to around
20% of total pulmonary blood flow. Anesthesia may have a
small inhibitory effect on the reflex, but this is dose dependent
and not normally clinically significant.*’*® Coupled with the
measures described above to reduce ventilation of the non-
dependent lung, HPV improves V/Q matching sufficiently to
allow SLV to be undertaken. However, in pure physiological
terms, infants tolerate SLV less well than older children and
adults, and are at significant risk of oxygen desaturation and
hypoxia during any procedure (Table 5.2).

In reality, there may be alterations to the normal physiologi-
cal state and responses, due to the presence of pathology in
the nondependent lung. Certainly, lesions such as congenital
lobar emphysema, cystic adenomatoid malformation, and
intrathoracic tumors may produce significant effects on the
V/Q relationships within the lung, such that SLV has less of a
detrimental effect on gas exchange.

Investigations

Patients presenting for thoracic surgery often require an exten-
sive workup, including a number of investigations. The anes-
thesiologist will need to review these as part of the preoperative
assessment, and occasionally may be involved in providing
anesthesia, so that the investigations can be undertaken.

Chest Roentgenogram

Initial investigation of any respiratory pathology should involve
the use of plain radiography. It is the quickest and the simplest
radiological investigation to undertake, and many lesions will be
apparent and identifiable, having characteristic features. Roent-
genograms may also give information on the extent of any dis-
ease process, including involvement of vital structures such as
the trachea, bronchi, diaphragm, and major blood vessels.

Computed Tomography

Computed tomography (CT) is probably the second common-
est investigation used in the assessment of thoracic pathology.
It provides diagnostic information, allows the extent of the
pathology to be ascertained, along with determination of
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FiG. 5.2. CT of the chest in a child with a large mediastinal mass
(MM), demonstrating deviation and compression of the lower
trachea (T)

involvement of other organ systems. For the anesthesiologist
it is particularly useful for imaging the tracheobronchial tree,
which may be essential in conditions such as mediastinal mass,
where compression may occur (Fig. 5.2). Three-dimensional and
angiographic images can be created. Modern spiral CT scan-
ners are extremely fast and there is rarely a need to provide
anesthesia for this imaging modality, except where arrested
respiration is essential during imaging and the patient is too
young to cooperate with this. The latest multidetector-row
scanners may reduce this need even further.*

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) generally provides the
most detailed anatomical, pathological, and even physiological
information on thoracic lesions. Most children can be imaged
with either sedation or nothing at all. However, uncooperative
or failed sedation patients may need anesthesia for the scan
to be successfully undertaken. The main considerations are
the isolated location, the magnetic environment, the need for
specialized equipment, the patient’s underlying disease state,
and the duration of the procedure.

Thoracic Sonography

There are obvious limitations to thoracic sonography, given
its poor performance in the presence of air and bone, and it
has now been largely superseded by CT in thoracic imaging.
However, it is accessible, inexpensive, safe, and provides real-
time imaging of the patient.

Bronchoscopy

Bronchoscopy is the definitive investigation for suspected
lesions involving the airway. However, the invasive nature of
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the procedure means that it nearly always requires a general
anesthetic, irrespective of whether a rigid or flexible scope is
used. Ideally, the patient should be kept breathing spontane-
ously, which can be a challenge for the anesthesiologist, when
the patient has significant airway pathology and the airway is
being instrumented. This is covered in more detail below.

Bronchography

Bronchography is useful in the diagnosis of dynamic airway
disease and bronchiectasis in children, and can be used as an
alternative to bronchoscopy or as part of the bronchoscopic
evaluation. The need to inject radiological dye into the airway
limits the investigation to patients who already have the air-
way instrumented, either as part of their general anesthetic or
as part of their intensive care management. There are potential
problems associated with sharing the airway with the radiolo-
gist and spontaneous respiration needs to be maintained if
potential dynamic airway disease is being investigated. The
presence of an ETT may also mask dynamic airway disease
affecting the trachea.

Echocardiography

Echocardiography is undertaken in a number of situations
when children present for thoracic surgical procedures. Neo-
nates with conditions such as esophageal atresia and trache-
oesophageal fistula, should have this done preoperatively,
because of the possibility of the VACTERL association and
the implications to the surgeon of a right-sided aortic arch.
Upper airway obstruction may be related to vascular anoma-
lies such as double-aortic arch and pulmonary artery sling.
Penetrating thoracic trauma may lead to occult cardiac inju-
ries, which may be picked up on echocardiography.*®! Chest
wall abnormalities, such as pectus excavatum, may be asso-
ciated with congenital heart disease™>* Pericardial involve-
ment in patients with mediastinal tumors is rare, but about 5%
will have a pericardial effusion, although most will not need
draining.>*

Angiography

Angiography may be used to diagnose vascular abnormali-
ties such as those described above. However, it is an invasive
procedure which usually requires general anesthesia, and has
been largely superseded by CT for noncardiac conditions.

Pulmonary Function Tests

Pulmonary function tests (PFTs) may give useful information
on a child’s underlying lung function in damaging or progres-
sive conditions such as cystic fibrosis and bronchopulmo-
nary dysplasia. It may also be useful in conditions leading to
restriction of the chest wall movement, including scoliosis and
pectus excavatum. Patient cooperation is a problem under the
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age of 5 years and may require the use of specialized tests
under sedation. Information available to the anesthesiolo-
gist may include spirometry, lung volumes, lung compliance,
respiratory muscle strength, arterial oxygen saturations, and
blood gas values.

Management of Anesthesia

Standard anesthetic management for thoracic surgery includes
the use of a balanced technique using a volatile anesthetic
agent, opioid, muscle relaxant with tracheal intubation, and
positive pressure ventilation.® Nitrous oxide is often avoided
because of the risk of expansion of gas-filled spaces and the
desirability of being able to use a high inspired concentra-
tion of oxygen. Volatile anesthetic agents will interfere with
HPYV, particularly at higher concentrations. The use of potent
opioids such as fentanyl or remifentanil will allow for lower
concentrations of these agents to be used. The majority of tho-
racic surgery is performed in the LDP. It is imperative to pro-
vide effective postoperative analgesia after thoracic surgery,
but the choice of general anesthetic agents should allow for a
rapid return of consciousness at the conclusion of surgery.

Monitoring

It is now routine to monitor oxygen saturation (pulse oxim-
etry) and end tidal carbon dioxide (capnography) during every
anesthetic. The use of these devices has been associated with
a significant reduction in the incidence of life threatening air-
way-related complications.*® Invasive monitoring of systemic
arterial and central venous pressure should be considered
during thoracic surgery. An arterial line provides a beat-to-
beat measurement of systemic blood pressure and provides
early warning of cardiovascular compromise from bleeding or
retraction close to the heart, for example. The ability to moni-
tor blood gases is also valuable as end-tidal readings may not
accurately reflect arterial carbon dioxide tension in patients
with lung disease or during SLV. It is usual to place an arte-
rial line for the majority of thoracotomies and for extensive
thoracoscopic procedures. The use of a central venous line
should be considered if large fluid shifts or significant blood
loss is predicted (for example in tumor surgery) or if periph-
eral venous access is inadequate.

Single-Lung Ventilation

Although adequate surgical conditions may be obtained dur-
ing thoracotomy or thoracoscopic surgery with a conventional
ETT and both lungs ventilated, there are many situations in
which SLV and/or lung isolation are desirable. Thoracoscopic
procedures are considerably easier when the lung on the
operative side is not being ventilated and infective conditions
such as lung abscess, empyema, or BPF require that the other
lung be protected from contamination.”” Whatever technique
is chosen for SLV, it is essential to recheck the positioning and
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effectiveness of lung isolation once the patient is positioned
for surgery.

In older children a DLT may be used.”” A DLT essentially
consists of two cuffed ETTs joined together: one tube ends in
the trachea and the other in a mainstem bronchus (Fig. 5.3).
These are available from a number of manufacturers in sizes
down to 26 FG in left- and right-sided versions. Table 5.3
lists available pediatric DLTs with the equivalent size ETT. A
26-FG DLT may be used for a child of 8 years and the 28 FG
from 10 years of age. A DLT offers a number of advantages
over other techniques of SLV including the ability to ventilate
either lung independently and to suction either bronchus. It
can be problematic to check the position of the smaller sizes
of DLT with a fiber-optic bronchoscope (FOB) because of the
small internal diameter of each lumen requiring the use of very
small and fragile instruments. A left-sided DLT is preferred
in most cases, as a right-sided DLT is rarely indicated. The
upper-lobe bronchus on the right side arises much closer to the
carina, which makes accurate placement of the bronchial cuff
of a right-sided DLT considerably more difficult. In general,
the largest DLT that will pass through the larynx should be
selected. Prior to insertion the tube is rotated clockwise 90°,

FiG. 5.3. A right-sided double-lumen endobronchial tube, with a
catheter mount (CM) and double connector (DC) attached. It demon-
strates the inflated tracheal cuff (TC) and bronchial cuff (BC), with
the tracheal opening (TO) for ventilation of the left side, between
them. The special suction catheter and stylet can be seen above and
below the tube, respectively

TaBLE 5.3. Sizes of pediatric double-lumen endotracheal tubes.

Equivalent standard

Lumen internal ETT (internal

Size (FG) Left or right diameter (mm) diameter)
26 Both® 34 6.0
28 Both* L® 3.8 6.5
32 L 7.5
35 Both*® 4.2 8.5

“Rusch Robertshaw double-lumen tube (Teleflex Medical, Durham, NC,
USA, http://www.rusch.com)

®Mallinckrodt Bronchocath (Nellcor, Pleasanton, CA, USA, http://www.
nellcor.com)


http://www.rusch.com
http://www.nellcor.com
http://www.nellcor.com
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so the curve on the endobronchial lumen is anteroposterior
(AP). Once the endobronchial lumen has passed into the lar-
ynx, the tube is rotated anticlockwise to the original position,
so the curve on the tracheal portion of the tube is now AP.
Care must be taken to avoid placing the DLT too deep as this
is likely to result in both tracheal and bronchial lumens being
placed in a bronchus, or the bronchial lumen not ventilating
the upper lobe. Table 5.4 outlines a system for checking the
position of a DLT clinically. Note that due to the extra length
of the bronchial lumen, a special extra-long suction catheter
is required in order to aspirate the lung on that side. These are
normally provided with the DLT.

An alternative to a DLT is the Univent bronchial-blocker tube
(Fuji Systems Corp. Tokyo, Japan).”® This comprises an ETT
with a bronchial blocker built into its wall. The blocker may
be advanced into a bronchus under bronchoscopic control, or
withdrawn into the wall of the ETT to allow both lungs to be
ventilated. The Univent tube is available in two pediatric sizes,
but the outside diameter is relatively great compared to the
internal diameter, limiting its use to larger children (Table 5.5).

In smaller children SLV may be achieved with either a con-
ventional single lumen ETT placed in the mainstem bronchus
of the nonoperated side*® or with a bronchus blocker. The first
method has the advantage of simplicity. Often the tube can
be placed in the desired side with the help of simple maneu-
vers. The ETT will tend to enter the right main bronchus if
advanced beyond the carina, due to the angle of the bevel.
Rotating the bevel so that it faces right, once it is through the
vocal cords, and then advancing the ETT with the head turned
to the right will usually result in the tube passing into the left
main bronchus. Alternatively a FOB may be used to aid posi-
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tioning. There are some limitations to this technique. Because
of the small distance between the carina and the take-off of
the upper lobe bronchus, satisfactory isolation of ventilation
may not be achieved, or alternatively the tube may be placed
beyond the upper lobe bronchus leading to inadequate oxy-
genation.® This technique does not provide reliable isolation
of the healthy dependent lung from contamination. In addi-
tion, it will be necessary to pull the tube up into the trachea
before the conclusion of surgery so that the operated lung
can be reinflated. This can be difficult with the patient under
surgical drapes in the LDP and there is a risk of inadvertent
extubation. It is generally possible to intubate the bronchus
with an ETT of the same size as that which would be used for
tracheal intubation. However, if a smaller size is required, this
may lead to an unacceptable leak when the ETT is withdrawn
back into the trachea.

A variety of techniques have been described for placing
bronchus blockers in children.®’ A balloon-tipped embolec-
tomy catheter may be used as a bronchus blocker even in pre-
mature neonates. The blocker is placed under direct vision
using a rigid or fiber-optic bronchoscope and a conventional
ETT is then placed alongside it in the trachea.®> The Arndt
endobronchial blocker system (Cook Critical Care, Bloom-
ington, IN, USA) (Fig. 5.4) allows a 5-FG balloon-tipped
bronchus blocker to be placed through the lumen of an ETT
with an internal diameter of 4.5mm or greater.®*% The sys-
tem uses a multiport adapter that allows for ventilation of the
lungs to continue while the blocker is guided into position
with a FOB. When used with the smaller sizes of ETT (4.5—
5.5 mm) blocker placement will require the use of a 2.2 mm or
smaller FOB (Table 5.6). It is essential to use the correct size

TABLE 5.4. Method for clinically checking the position of a double-lumen tube following insertion.

Action Problem Resolution
Step 1. Remove stylet. Attach double connector
and circuit. Commence ventilation
Step 2. Check both sides of the chest are moving and air 1. Tracheal side not inflating — DLT too 1. Withdraw DLT
entry (AE) is equal. Check for a tracheal leak and far down
inflate tracheal cuff
2. Endobronchial (EB) side not inflating — 2. Withdraw and reinsert DLT
EB lumen gone down the wrong side
Step 3. Clamp tracheal lumen, open tracheal port and 1. AE cannot be abolished on tracheal side 1. Insert DLT further or replace
auscultate on same side for AE. If lung is still being — EB lumen is still in the trachea or cuff
inflated, carefully inflate EB cuff until AE ceases. has burst
If no AE on that side put 1-2 mls air into EB cuff.
Check AE on side of EB lumen
2. Incomplete AE on EB side — EB lumen 2. Reposition EB lumen
obstructing upper lobe bronchus
Step 4.% Repeat process on the other side and check thereis 1. AE on EB side — EB cuff incompletely 1. Check bronchial cuff adequately inflated
only AE in the contralateral lung (i.e. tracheal side) occluding EB side and positioned
2. Inadequate AE on tracheal side — EB 2. Check DLT position and reposition
cuff herniation or malpositioned tracheal ~ bronchial or tracheal lumen
lumen
Step 5.% Repeat the checking process with the patient on the As above As above

operating table in the lateral decubitus position, con-
centrating on lung isolation

* Consider checking the DLT position under direct vision with a fiberoptic scope at both these stages
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TABLE 5.5. Sizes of pediatric univent endotracheal tubes.

Outside diameter Equivalent standard

Internal diameter (mm) ETT
3.5-mm Univent (uncuffed) 8.0 6.0mm ID
4.5-mm Univent (cuffed) 9.0 6.5mm ID

FI1G. 5.4. Arndt endobronchial blocker (BB), with multiport adaptor. It
connects to the endotracheal tube (E), with an anesthetic circuit attach-
ing at the side (C). The bronchial blocker is passed through the blocker
port (B) and fixed in place, while a suction catheter or bronchoscope
can be passed through the spare port at the top (P)

TABLE 5.6. Endotracheal tube (ETT) and fiber-optic bronchoscope
(FOB) sizing for placement of a 5-FG Arndt endobronchial blocker.

Endotracheal tube

size (mm) Bronchoscope size (mm) Comments

3.04.0 2.2 Blocker must be placed
outside endotracheal tube

4.5-5.0 22

55 2.8

6.0 34

of bronchoscope and lubricate the blocker and bronchoscope
well to allow both devices to move freely within the lumen
of the ETT. A 7-FG Arndt bronchus blocker may be used in
older children as an alternative to a double lumen tube. This is
particularly useful in cases where intubation is difficult. The
7-FG blocker may be used with an ETT of internal diameter
6.0mm or greater.

There is a risk that a bronchus blocker will move during
patient positioning for surgery. If the balloon is left inflated
and the blocker is inadvertently pulled up into the trachea,
obstruction to ventilation is likely to occur. The balloon should
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therefore be deflated during patient positioning and the correct
placement of the blocker rechecked with a FOB once the patient
is in the LDP. Bronchus blockers provide reliable lung isolation
and if they incorporate a central lumen, CPAP may be applied
to the lung on that side or gentle suction may be used to aid lung
deflation. At the conclusion of surgery the blocker is deflated or
removed to enable reinflation of the operated lung.

Postoperative Analgesia

Thoracic surgery is associated with considerable postopera-
tive pain.®® The provision of effective analgesia is essential to
allow the patient to breathe and cough effectively after surgery.
Chronic pain is a frequent problem after thoracic surgery in
adults. Although thoracoscopic surgery is less invasive, it may
also be accompanied by significant postoperative pain. Effec-
tive pain relief after thoracic surgery is best achieved by the
use of a combination of drugs and techniques of administra-
tion with effective trouble shooting to deal with inadequately
controlled pain. If a technique such as epidural analgesia
proves inadequate in an individual patient, then alternatives
should be substituted urgently.

Epidural analgesia is frequently used after thoracic surgery.
In order to produce analgesia using local anesthetic solutions,
it is desirable for the tip of the epidural catheter to be posi-
tioned at the dermatomal level that corresponds with the surgi-
cal incision. There are a number of approaches to the epidural
space that may be used to achieve this aim. In infants, an epi-
dural catheter can be reliably advanced to the thoracic region
from a caudal approach.®’ This avoids the risk of direct spinal
cord trauma from more cephalad insertion. In older children,
an epidural may be placed by a direct approach at T4 to TS.
This is almost invariably performed after the induction of gen-
eral anesthesia, in contrast to adult practice.® Trauma to the
spinal cord during thoracic epidural placement in children has
been described;* although the incidence of serious complica-
tions appears to be low (<1:10,000),” there is a paucity of
reliable data from the very large series needed to demonstrate
safety and limited evidence to show improvements in outcome
with different analgesic techniques in children.”"”* Attempts
to position the tip of the epidural catheter in the thoracic
region using a lumbar approach are less likely to be success-
ful, although analgesia may be achieved with the use of large
volumes of either local anesthetic or opioids.”™

It is usual to use a combination of dilute local anesthetic
and an opioid for epidural analgesia after thoracic surgery
(Table 5.7). Commonly used local anesthetics include ropi-
vacaine, levobupivacaine, and bupivacaine, with, or without,
epinephrine. Ropivacaine and levobupivacaine are less likely
to cause cardiac toxicity than bupivacaine. Neonates are at
greater risk of local anesthetic toxicity because of reduced
protein binding and immature metabolic pathways.”*"® The
addition of opioids to the epidural local anesthetic solution
provides optimal analgesia. Lipophilic drugs such as fenta-
nyl may act predominantly through systemic absorption into
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TaBLE 5.7. Examples of epidural infusion regimes for management
of postoperative pain.

Epidural solution Infusion rate (mL/kg/h) Comments

0.1 to 0.3 mL/kg/h

Bupivacaine 0.125% +
Fentanyl 2 mg/mL

Bupivacaine 0.1% + 0.3 mL/kg/h

Hydromorphone

0.003 mg/mL

Ropivacaine 0.2% 0.1 to 0.3 mL/kg/h In neonates/infants
Ropivacaine 0.25% + 0.1 to 0.3 mL/kg/h Diamorphine not
Diamorphine licensed by FDA

20 micrograms/mL

TABLE 5.8. Examples of regimes for patient controlled analgesia
(PCA), nurse controlled analgesia (NCA), and continuous morphine
infusion for management of postoperative pain

Continu-

Drug concen- ous infusion ~ Bolus dose Lockout period
Regime tration (mL/h) (mL) (min)
PCA Morphine 0.2 1 5

1 mg/kg body

weight in

50mL
NCA Morphine 0.5 1 30

1 mg/kg body

weight in

50mL
Continuous Morphine 1-2
infusion 1 mg/kg body

weight in

50mL

epidural veins, or spread very little in the subarachnoid space.”
Morphine, on the other hand, may reach opioid receptors in
the spinal cord far from the site of administration. Unfortu-
nately, epidural morphine may spread as far as the brain stem
causing delayed respiratory depression.”® Other common side
effects of epidural opioids include nausea and vomiting, pru-
ritis, and urinary retention.” Drugs such as hydromorphone
or diamorphine (not licensed by the FDA) may be the most
satisfactory options as they provide effective analgesia with
less risk of serious side effects than morphine.®*8! Thoracic
epidural local anesthetics block sympathetic outflow from the
spinal cord, but hypotension is less likely in children because
of their lower resting sympathetic tone compared to adults and
alternative causes, such as postoperative hemorrhage, should
be considered.

There are situations in which epidural analgesia may be
contraindicated, not accepted by the patient or parents, or
not possible. Contraindications to epidural analgesia include
coagulopathy and local or systemic infection. The mainstay
of analgesia in these circumstances is intravenous opioids.
Morphine may be administered as a continuous infusion or
preferably using a patient-controlled®?> or nurse-controlled
analgesia system (Table 5.8). Although opioids are associated
with respiratory depression, poorly controlled postoperative
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pain will lead to an inadequate depth of breathing and reluc-
tance to cough and must be avoided.

Other local anesthetic techniques have been used in chil-
dren after thoracic surgery. Intercostal nerve blocks are easy to
place either percutaneously or under direct vision and may be
a useful adjunct to systemic opioids. The risks of pneumotho-
rax are usually minimized by the routine placement of chest
drains after thoracotomy. However, the duration of analgesia
will be limited to a few hours and there is rapid absorption of
the local anesthetic solution that may lead to toxicity without
careful attention to dosing.

Paravertebral administration of local anesthetics can produce
similar analgesia to an epidural on the side of the operation.
A catheter may be placed in the paravertebral space percuta-
neously or under direct vision for continued local anesthetic
administration.®® Local anesthetic solutions may also been
instilled via a catheter into the pleural cavity, although there
are varying reports of the efficacy of this technique.®

Even with a well-positioned epidural catheter, patients may
have pain that the block does not cover. A common example
is shoulder pain from irritation of the diaphragm. Nonsteroi-
dal antiinflammatory drugs such as diclofenac or ibuprofen,
or acetaminophen are useful adjuncts.

Specific Procedures

Rigid Bronchoscopy

In children, the indications for rigid bronchoscopy will often
require that an anesthetic technique is chosen that preserves
spontaneous ventilation. For example, the diagnosis of
dynamic airway abnormalities such as bronchomalacia will be
impossible if muscle relaxants are used. Spontaneous ventila-
tion is often preferred during foreign body removal,® although
assisted ventilation may also be used.*

Pediatric rigid bronchoscopes, such as the Storz sys-
tem (Karl Storz, Inc., Culver City, CA, USA), enable an
anesthetic breathing circuit to be connected to a side port
(Fig. 5.5). It is important that the appropriate size bron-
choscope is chosen for the diameter of the trachea as this
enables breathing to be assisted with hand ventilation if
necessary, otherwise the patient can breathe spontaneously
from the anesthetic circuit. Anesthesia is usually induced
with a volatile anesthetic agent such as sevoflurane or halot-
hane in oxygen. Atropine, given either as premedication or
following induction of anesthesia, will act as an antisial-
ogogue and mitigate against the effects of vagal stimulation.
Once a deep plane of anesthesia is achieved, laryngoscopy
is performed and the vocal cords and subglottic area are
sprayed with lidocaine. It is important to provide effective
topical anesthesia of the airway as this reduces the chances
of coughing during bronchoscopy. The dose of local anes-
thetic needs to be carefully controlled because there is the
potential for rapid systemic absorption from the tracheal
mucosa with a risk of systemic toxicity. The dose of lido-



66

'
i

FiG. 5.5. A Storz pediatric rigid bronchoscope system. The anesthetic
circuit attaches to the 15-mm connector at the bottom (C)

caine should be kept below 3 mg/kg. Commercially avail-
able lidocaine spray delivers 10mg with each squirt and is
unsuitable for small children. A more practical option is to
use a 1 or 2% solution of lidocaine given through a mucosal
atomization device (Wolfe Tory Medical, Inc., Salt Lake
City, UT, USA).

During rigid bronchoscopy, anesthesia is maintained with
an inhaled agent in oxygen given via the bronchoscope.
Propofol either by continuous infusion or by intermittent
small bolus is a useful adjunct to maintain a stable plane
of deep anesthesia or to deal rapidly with coughing during
bronchoscopy. The anesthetist must monitor the patient’s
oxygenation, heart rate and rhythm, and blood pressure
closely. Airway compromise can rapidly lead to hypoxia
and the deep level of anesthesia necessary often causes a
degree of hypotension, which will be well tolerated by most
healthy children. Capnography is of limited use during rigid
bronchoscopy and the anesthetist should ensure observation
of the respiratory pattern, supplemented if necessary with a
stethoscope. Postoperatively the patient is at risk of devel-
oping upper airway edema and stridor. Dexamethasone is
commonly given to prevent this complication. Nebulized
epinephrine may be used to treat stridor. The patient is at
risk of aspiration until the effects of topical anesthesia to the
airway have worn off, and should be kept fasted until protec-
tive reflexes have returned.

Flexible Fiber-Optic Bronchoscopy

Flexible fiber-optic bronchoscopy is frequently performed
for the diagnosis of airway disease or pulmonary infection.®’
Foreign body removal may also be possible with a flexible
FOB. General anesthesia with spontaneous breathing is often
used and topical anesthesia should be applied to the larynx.
The smallest sizes of pediatric FOB are limited in terms of
the quality of the optics and the availability of channels for
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suction or biopsy instruments. The bronchoscope may also
occupy a significant proportion of the tracheal lumen in a
small child and cause significant respiratory compromise.
Flexible fiber-optic bronchoscopy may be performed through
an ETT or via a laryngeal mask airway.®®® This latter method
may enable the use of a larger FOB while still allowing ade-
quate ventilation.

Conditions in Neonates and Infants

A variety of intrathoracic conditions requiring surgery are
present in the newborn period or in the first year of life. A com-
mon problem in neonatal anesthesia is the emergency nature
of many procedures. Associated congenital heart defects or
prematurity will increase the risks of general anesthesia. Par-
ticular care is needed with dosing of intravenous and inhaled
drugs, fluid balance, and maintenance of body temperature.

Tracheoesophageal Fistula

There are a variety of types of tracheoesophageal fistula and
associated esophageal atresia. These present in the newborn
period and require urgent surgery. There are often associated
congenital anomalies that may include the heart,” renal tract,
anus, and skeleton (VACTERL complex) and appropriate
investigations (e.g., echocardiogram) should be performed. A
common arrangement is for a fistula to arise just above the
carina joined to a distal esophageal pouch. The baby is at risk
of pulmonary aspiration of gastric contents through the fistula
and of the saliva that pools in the upper esophageal pouch.
The upper pouch should be placed on continuous drainage.
Positive pressure ventilation before the fistula is ligated, either
with bag and mask or via an ETT may result in substantial
gastric dilatation. This is a particular risk in babies who are
born prematurely with surfactant deficiency needing mechan-
ical ventilation and may require emergency gastrostomy.”!
In babies with reduced lung compliance, a balloon-tipped
embolectomy catheter may be placed in the fistula to prevent
gastric distension during positive pressure ventilation.?>?
The major problem facing the anesthesiologist is to ensure
adequate ventilation before the fistula is ligated. A variety of
approaches have been advocated. Tracheal intubation may be
performed awake (unusual these days) or after induction of
anesthesia. If possible, the tip of the ETT should be positioned
beyond the fistula. Identifying the position of the fistula with
rigid or flexible bronchoscopy is very useful in this regard.*
Alternatively, the ETT may be advanced into a bronchus and
withdrawn while checking for air entry over the lungs and the
stomach. The fistula usually arises from the posterior tracheal
wall and the natural tendency of the curve of the ETT is to
point the tip anteriorly. Maintenance of spontaneous ventila-
tion until the fistula is ligated may avoid gastric distention
from positive pressure ventilation; however, it may then prove
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difficult to maintain adequate gas exchange during thoraco-
tomy. In most babies, satisfactory ventilation is best achieved
with the use of a muscle relaxant and positive pressure venti-
lation after careful positioning of the ETT.” Difficulties with
ventilation may occur during identification of the fistula and
manipulation of the tracheobronchial tree and close communi-
cation must be maintained with the surgeon. It is often best to
use hand IPPV around the time of fistula ligation, to identify
any increase in lung compliance, which in turn might indicate
bronchial compression or even accidental ligation.

At the completion of surgery it may be possible to wake the
baby and extubate the trachea. The use of epidural analgesia
may facilitate this.®” Some babies will require a period of post-
operative mechanical ventilation,” particularly if premature,
small, or with preexisting lung problems.

Congenital Diaphragmatic Hernia

Subglottic Stenosis

Subglottic stenosis most frequently occurs as a complication
of tracheal intubation, often in premature babies ventilated
for infant respiratory distress syndrome, but it may also be
congenital. The baby usually presents with stridor and may
require reintubation for respiratory distress; although it can
be asymptomatic. Diagnosis is made by rigid or fiber-optic
bronchoscopy. Surgical treatment of subglottic stenosis is by
a cricoid split procedure. This is performed with the trachea
intubated — this may require an ETT with an outside diam-
eter much smaller than is predicted by the patient’s age and
weight. At the conclusion of the operation, a larger size of
ETT is inserted and often the baby is kept intubated and ven-
tilated, for up to 7 days, during initial healing period.”” Severe
tracheal stenosis may require a laryngotracheoplasty. This
involves placing a graft of cartilage into the trachea. A period
of postoperative intubation with sedation and ventilation will
be required.

Pulmonary Sequestration

These lesions arise from segments of lung tissue that have an
abnormal blood supply from the systemic circulation. They
may become chronically infected. Resection is often possible
thoracoscopically.

Congenital Cystic Lung Lesions

Bronchogenic cysts result from abnormal development of
the tracheobronchial tree. They may cause airway compres-
sion resulting in infection or atelectasis. Cystic adenomatoid
malformations are in communication with the airways and
may become overdistended, causing respiratory distress, or
infected. Resection may be performed thoracoscopically for
small lesions, or require a thoracotomy. Nitrous oxide should
be avoided.
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Congenital Lobar Emphysema

Congenital lobar emphysema presents with respiratory distress
in the neonatal period. The X-ray appearances may be misin-
terpreted as a tension pneumothorax. Depending on the degree
of overinflation of the affected lobe, there may be mediastinal
shift sufficient to impair cardiac function and severe respi-
ratory distress. Surgical treatment involves resection of the
affected lobe. Positive pressure ventilation may cause sudden
expansion of the emphysematous lobe, requiring rapid open-
ing of the chest, and should therefore be used with caution.”®
Nitrous oxide should be avoided. Postoperatively the respira-
tory function is usually improved unless there is significant
hypoplasia of the remaining lungs.

Infection

The commonest infectious causes for thoracic surgical
intervention in children are empyema, lung abscess, and
bronchiectasis. Rarely, invasive aspergillosis in the immuno-
compromised and, in certain parts of the world, hydatid dis-
ease may also be reasons for children requiring surgery.

Pneumonia often leads to the development of a parapneu-
monic effusion, which in less than 5% of cases fails to resolve
and subsequently evolves into a loculated collection of pus or
empyema. The commonest infecting organisms are Staphlo-
coccus aureus and Streptococcus pneumoniae, although
Mycoplasma pneumoniae also needs to be considered in older
children. This may initially require tube thoracostomy and
fibrinolytic therapy,” but if the empyema persists, surgical
drainage is often indicated. Other causes include penetrating
injury, esophageal perforation, rupture of a lung abscess into
the pleural cavity, spread from an extrathoracic source, and in
association with a chest tube. Lung abscess is much rarer in
children and usually occurs as a complication of pneumonia
or secondary to underlying chronic disease.

General anesthesia is often necessary for the insertion of the
initial chest tube and may subsequently be necessary for open
thoracotomy and decortication, if tube drainage and intravenous
antibiotics fail to resolve the empyema. Increasingly, this tradi-
tional approach is being replaced by early thoracoscopic decor-
tication. Evidence suggests that this may reduce the duration of
treatment and obviate the need for more invasive surgery.'*!%!

The main anesthetic considerations are the possibility of
systemic sepsis, the underlying respiratory status of the patient,
the risks of airway soiling and air leak, the need for SLV, and
postoperative analgesia requirements. Patients may have active
pneumonic disease, with evidence of respiratory compromise
and impaired oxygenation. This may limit their ability to tol-
erate SLV. Preoperative sputum production may become an
issue in the postoperative period, where the sedative effects
of the anesthetic and postoperative analgesia, combined with
pain from a thoracotomy wound, may impair sputum clear-
ance and predispose to atelectasis. Lung abscess is associated
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with a risk of rupture into both the pleural cavity and the lung
tissue itself. The latter may lead to soiling of the airway, with
infected material contaminating the opposite lung. BPF may
occur as a complication of the pneumonic process, following
tube thoracostomy or after surgery for decortication. Cavi-
tatory lung disease occurs in about 20% of cases of empyema
and of these, a further 20% are likely to go on and develop
a BPE.!” This can lead to difficulties with positive pressure
ventilation in the perioperative period and increase the risk of
the patient developing a tension pneumothorax.

Perhaps the most controversial aspect of management is
the decision as to whether or not to use epidural analgesia
in the face of possible systemic infection. Most anesthesiolo-
gists will avoid the use of epidural analgesia in this situation
because of the risks of seeding infection within the spinal epi-
dural space. However, spinal epidural abscesses are extremely
rare in children. All patients will have been commenced on
a course of intravenous antibiotics and most will have no
evidence of systemic sepsis, although about 10% will yield
positive blood cultures.'”! Fluid or pus removed from the tho-
racic cavity at the time of surgery often proves to be sterile,
with only about one-third of samples subsequently culturing
microorganisms. Increasingly, there is a move toward early
surgical intervention in empyema, either with minithoraco-
tomy or with thoracoscopic procedures. This may increase the
likelihood of patients presenting for surgery during the acute
phase of their illness, when systemic infection is more likely.
However, as thoracoscopic surgery becomes more popular, the
role of epidural analgesia in these cases is likely to diminish,
as postoperative pain is less.!” The emphasis is more likely to
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be on nurse-controlled analgesia, patient-controlled analgesia,
or even nonparenteral analgesic regimes.

Bronchiectasis often develops as a complication of severe
pulmonary infection. Other causes include congenital, cystic
fibrosis and immune deficiency. Patients present for surgery
for a number of reasons, including persistent lung infection,
hemoptysis, lung parenchymal destruction, and BPF. Pul-
monary resection of the affected lung is the most common
procedure undertaken and consideration needs to be given to
the presence of active infection at the time of surgery, despite
regular courses of antibiotics.

Anterior Mediastinal Mass

Anesthesia in a child with an anterior mediastinal mass is asso-
ciated with significant risks of severe airway and/or cardiovas-
cular compromise and may lead to significant morbidity and
even death.'®1% Careful consideration must be given to the
timing of interventions requiring general anesthesia. In many
cases, the risks of anesthesia may be substantially reduced by
prior treatment with steroids or other chemotherapy to reduce
the tumor bulk (Fig. 5.6).

Anesthetic Considerations

Lymphomas are probably the commonest anterior mediastinal
tumors in children. They may present with signs of airway
obstruction (stridor, dyspnea, orthopnea), pain, or with evi-
dence of superior vena cava (SVC) compression (facial swell-

F1G. 5.6. Chest X-rays of a child with an anterior mediastinal tumor (lymphoma) showing the effect of 5 days of treatment with dexam-
ethasone
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ing). When general anesthesia is induced, the loss of muscle
tone in the chest wall allows the tumor to compress either
major airways or the SVC leading to respiratory or cardiovas-
cular collapse. Because the tumor frequently extends beyond
the level of the carina, conventional tracheal intubation may
fail to reestablish a patent airway.

The anesthesiologist should evaluate the child’s history
and physical examination carefully. There may be episodes
of acute dyspnea that wake the child from sleep or they may
not be able to tolerate lying supine — these all suggest airway
compromise. Unfortunately, the absence of abnormal findings
does not preclude collapse after induction of anesthesia.'®
The most useful preoperative investigation is the CT scan.'"’
The anesthesiologist should assess the position of the mass in
relation to airways and major blood vessels, and also ascertain
the extent of paratracheal and bronchial lymph node involve-
ment. Pericardial effusions may be present in some children,
and an echocardiogram should be obtained.**

In the patient judged to be at risk for serious complications
during general anesthesia, consideration should be given to
either shrinking the tumor with steroids, chemotherapy, or
radiotherapy beforehand or performing the procedure (e.g.,
tumor biopsy) under local anesthesia with or without sedation.
If general anesthesia cannot be avoided, the recommended
approach is to induce anesthesia with a volatile agent main-
taining spontaneous breathing. Intravenous access should be
placed in the lower extremity to avoid the effects of SVC com-
pression. Endotracheal intubation may be performed under
deep volatile anesthesia. The use of intravenous anesthetic
agents and/or muscle relaxants is associated with sudden
changes in the muscle tone of the chest wall and may precipi-
tate cardiorespiratory collapse. If the airway becomes com-
promised, application of CPAP may be useful or the patient
may be turned lateral or prone. A rigid bronchoscope may be
lifesaving in situations where airway compression is beyond
the reach of an ETT. The use of cardiopulmonary bypass via
the femoral vessels should also be considered in severely
compromised patients.

Thoracic Trauma

Children are less likely to be involved in trauma than adults
and deaths secondary to trauma have declined in the past 10
years, due to better preventative measures and improvements
in clinical management. Thoracic trauma is rare, accounting
for less than 4-8% of cases of pediatric major trauma.'%-110
The vast majority is associated with blunt trauma, secondary
to falls, motor vehicle accidents, and nonaccidental injury.
Penetrating trauma with weapons such as knives and firearms
may be responsible. However, despite its low prevalence, it is
the second leading cause of death in pediatric trauma, after
head injuries.'"

The high compliance of the chest wall in children means
that considerable force can be transmitted to the structures
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within the thoracic cavity, with very little evidence of external
injury. The most common injuries seen are pulmonary contu-
sion, rib fractures, pneumothorax, and hemothorax.!%-110.112.113
About two-thirds will have associated injuries in other organ
systems.'® Common associated factors include low systolic BP,
tachypnoea, abnormal thoracic examination (including auscul-
tation), femoral fracture, and a Glasgow Coma Score of less
than 15."° Most will not require surgery. The overall mortality
rate has been quoted at 7-26% and varies depending on the type
of injury, the number of thoracic injuries, and other associated
injuries.'®!1213 Mortality is highest with heart and great vessel
involvement and may be as much as 75%.'® Other indicators
of poor outcome include hemothorax, lung laceration, and rib
fractures.'%112113 The latter is not a good indicator of the sever-
ity of injury, because rib fractures are absent in half of patients
with significant intrathoracic injuries.''? Overall, the common-
est cause of mortality is from an associated head injury.

Thoracic CT has been found to be superior to plain chest
roentgenogram in diagnosing chest complications in the
severely injured patient.'*!> Up to two-thirds of patients will
have pathology not picked up from the radiograph.''*'1 How-
ever, pneumothoraces diagnosed by scan and not plain radio-
graph, rarely require intervention.'!’

Overall, only 6-8% of children with thoracic trauma require
a thoracic surgical procedure, and the commonest surgical pro-
cedure performed is tube thoracostomy.!®!12113 However, they
may need anesthesia for imaging or surgery for other injuries
that the child has sustained. Emergency thoracotomy may be
required for evacuation of pericardial tamponade, control of
intrathoracic hemorrhage or massive air embolism, internal
cardiac massage, and cross-clamping of the descending aorta.
Unfortunately, in both blunt and penetrating trauma, injuries
requiring such procedures are associated with a high mortality,
and quoted survival rates are rarely above 10%."'%'2° Esopha-
geal perforation and diaphragmatic rupture may rarely occur,
although, the latter would normally necessitate a laparotomy
rather than a thoracotomy, unless the diagnosis is delayed and
adhesions have formed.

Anesthetic Considerations

The anesthesiologist may be involved in the initial resuscita-
tion and stabilization of the patient. Consideration should be
given to the possibility of cervical spine injury in any case of
major trauma and care should be taken to ensure the c-spine
is immobilized from the outset and remains so throughout the
resuscitation and treatment period. Evidence of stridor, abnor-
mal voice, or upper airway obstruction may indicate a laryngeal
injury. Breathing difficulties may be the result of pulmonary
contusion, pneumothorax, hemothorax, flail chest, and dia-
phragmatic rupture. Unresolved pneumothorax or pneumo-
mediastinum should raise the possibility of a tracheobronchial
tear and air leaks, including BPF. Tracheal injuries can often
be managed conservatively, but bronchial injuries require
diagnosis by bronchoscopy, followed by thoracotomy and sur-
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gical repair.”'? Hemodynamic instability results from ten-
sion pneumothorax, massive hemothorax, cardiac tamponade,
myocardial contusion, and spinal cord injury. These may be
further exacerbated by the presence of significant head injury.
Evidence from animal and adult studies suggests that outcome
may be improved by avoiding overaggressive volume replace-
ment and accepting a degree of controlled hypotension prior
to definitive surgery, so as not to “pop the clot.”'**"1 What
is not clear is whether or not any benefit from this strategy
applies in cases of blunt trauma, significant head injury, and
the pediatric population in general.'”” IPPV in the presence
of a pneumothorax increases the risks of tension developing;
therefore consideration should be given to inserting a chest
drain, either before or soon after the commencement of IPPV.
Difficulties with ventilation may occur if pulmonary contu-
sion is severe and complicated by pulmonary hemorrhage or
edema. This often necessitates a high PEEP ventilation strat-
egy from the outset and occasionally high-frequency oscilla-
tory (HFO) ventilation. Flail chest is generally managed by
either prolonged IPPV or operative stabilization, with the use
of epidural analgesia or patient-controlled analgesia to control
pain. Although an adult study has demonstrated benefit from
using CPAP rather than intubation and IPPV, by reducing the
incidence of pneumonia and overall mortality.'”” Thoracic
trauma patients will usually require radiological procedures
such as CT scan, ultrasound scan, and angiography, as part
of the diagnostic workup. Care must be taken to ensure that
patient’s condition is stable prior to transfer for such investi-
gations to be undertaken.

Thymectomy

The thymus gland has been shown to be important in the
development of myasthenia gravis, through T-cell sensitiza-
tion to acetylcholine receptors and production of antibodies.
Thymectomy is generally reserved for older patients with a
diagnosis of juvenile myasthenia gravis, as concerns have
been raised about the long-term effects on immune function in
younger children and other forms of myasthenia gravis (MG)
do not seem to benefit from the procedure.'?$-13*

Traditionally, thymectomy has been undertaken via a trans-
sternal approach, although the transcervical route has been
described and increasingly thoracoscopic removal is being
reported, with good results.'35-1%°

Anesthetic Considerations

The main anesthetic considerations are the degree of muscle
weakness, the muscle groups involved, sensitivity to neuro-
muscular blocking drugs (NMBDs) and volatile agents, and
the anticipated surgical approach. Anesthesia needs to be
tailored accordingly, with the emphasis on avoiding exacer-
bation of symptoms, preventing complications, and effective
postoperative analgesia.
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Preoperative preparation involves imaging to exclude thy-
moma, optimization of medical management and a clinical
assessment of the patient’s condition. Pulmonary function
tests are often performed, but may give unreliable results
depending on patient cooperation, disease progression, and
recent treatments. The mainstay of treatment remains anti-
cholinergic drugs, such as pyridostigmine and neostigmine.
Patients are often receiving corticosteroids and supplemen-
tation may be required in the perioperative period. In more
severely affected cases, treatments such as plasmapheresis
and immunoglobulin therapy have been used to improve the
patient’s condition prior to surgery. Anesthetic assessment
should be aimed at ascertaining the nature and severity of
the condition, particularly the presence of bulbar symptoms
and episodes of respiratory failure requiring PICU admis-
sion and respiratory support.

Anticholinergics are often omitted on the day of surgery,
particularly if nondepolarizing muscle relaxants are to be used.
However, consideration needs to be given to the patient’s pre-
operative condition and the possible need for postoperative
ventilation, as the prolonged nature of the procedure may
mean the patient goes several hours without a dose. Anesthe-
sia can be induced with either an intravenous induction agent
or an anesthetic vapor. The anesthetic technique depends on
surgical requirements and the knowledge and expertise of the
anesthesiologist. Most would favor an inhalational anesthetic
technique, with or without the use of NMBDs. Many adult
practitioners advocate the use of a total intravenous anesthesia
(TIVA) technique, using propofol and remifentanil, thus avoiding
the use of NMBDs altogether. There seems to be less experi-
ence of this technique in pediatric practice, with few reports
in the literature.'**'*! Safe administration of NMBDs, such as
atracurium and vecuronium, has been used in MG patients,
although there is evidence to show that they can increase the
requirement for postoperative ventilation.'*> The dose needs to
be much reduced and monitoring of neuromuscular function
is mandatory, due to the unpredictable nature of their action.
Succinylcholine is best avoided, as there is relative resistance
to its effects in MG and recent plasmapheresis causes a deple-
tion of plasma cholinesterase, leading to a prolonged dura-
tion of action. Remifentanil metabolism remains unaffected
following plasmapheresis, probably because metabolism is
primarily by tissue esterases.'* Intraoperative analgesia can
be provided using either opioids, such as morphine, fentanyl
or remifentanil, or regional techniques such as epidural anal-
gesia. If the surgical approach is via a median sternotomy,
high thoracic epidural analgesia is necessary to be effective.
This has the potential for cardiorespiratory compromise from
a high block, including bradycardia, hypotension, and loss
of intercostal muscle function. However, these risks may be
offset by the superior analgesia afforded and by avoiding the
side-effects of opioids in the postoperative period.

Predictors of the need for postoperative ventilation have
been defined in the adult population, but these do not apply to
juvenile MG and if the transcervical or thoracoscopic routes
are used.'#-14
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Nuss Procedure

The Nuss procedure is a minimally invasive technique for cor-
rection of pectus excavatum.'*!%” Under thoracoscopic guid-
ance, a pre-bent metal bar is passed beneath the anterior chest
wall and then flipped through 180° to push out the lower ster-
num and rib cage. Some children with pectus excavatum will
have underlying lung disease, Marfan’s syndrome, or cardiac
abnormalities, and the preoperative work-up should include
PFTs and an echocardiogram. However, most patients will
have normal findings.

Potential complications of the Nuss procedure include
pneumothorax, myocardial injury, and bar displacement.
Management of general anesthesia includes the use of a mus-
cle relaxant and endotracheal intubation."® SLV is not usu-
ally necessary.'"* The patient’s arms need to be positioned
to enable access to the lateral aspect of the chest wall, but
the arms should not be brought up above the head as this has
been associated with brachial plexus injury.'® Postoperative
pain is a significant problem and thoracic epidural analgesia
with a combination of local anesthetic and opioid is appropri-
ate.”' In some cases, intravenous patient controlled analgesia
with morphine may be required to supplement epidural local
anesthetic. Pain may continue for several weeks following the
procedure, requiring the use of oral opioid and nonsteroidal
antiinflammatory drugs.
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Thoracoscopic Surgery

Steven S. Rothenberg

Introduction

Thoracoscopy is a technique that has been in use since the
early 1900s but has undergone an exponential increase in pop-
ularity over the last decade. The first experience in humans
was reported by Jacobeus in 1910 who used a cystoscope
inserted into the pleural space through a rigid trocar to lyse
adhesions to allow complete collapse of a lung as treatment
for tuberculosis. He later reported the first significant experi-
ence with a series of over 100 patients." During the next 70
years thoracoscopy gained some favor, primarily in Europe,
for the biopsy of pleural-based tumors and limited thoracic
explorations in adults; however, widespread acceptance was
minimal.>?

In the 1970s and 1980s the first significant experience in
children was reported by Rodgers.**> Equipment modified for
pediatric patients was used to perform biopsies, evaluate vari-
ous intrathoracic lesions, and perform limited pleural debri-
dement in cases of empyema.® During this period there was
an increasing recognition of the morbidity associated with a
standard thoracotomy, especially in small infants and chil-
dren, including scoliosis, muscle girdle weakness, and chest
wall deformity.” This clear documentation of the effects of
thoracotomy on children led to attempts to minimize the mor-
bidity by various muscle-sparing approaches but all of these
limited exposure and were still associated with large thora-
cotomy scars.® It was not until the early 1990s with the dra-
matic revolution in technology associated with laparoscopic
surgery in adults that more advanced diagnostic and thera-
peutic procedures began to be performed in children.”!! The
development of high-resolution microchip and, more recently,
digital cameras, smaller instrumentation, and better optics has
enabled pediatric surgeons to perform even the most com-
plicated intrathoracic procedure thoracoscopically.'>!* Now
every thoracic lesion from empyema to esophageal atresia has
been approached and successfully managed using a thoraco-
scopic approach, drastically reducing the pain, recovery, and
long-term morbidity of these procedures.

D.H. Parikh et al. (eds.), Pediatric Thoracic Surgery,
DOI: 10.1007/b136543_6, © Springer-Verlag London Limited 2009

Indications

Today there are wide varieties of indications for thoraco-
scopic procedures in children (Table 6.1), and the number
continues to expand with advances and refinements in tech-
nology and technique. Currently, thoracoscopy is being used
extensively for lung biopsy and wedge resection in cases of
interstitial lung disease (ILD) and metastatic lesions. More
extensive pulmonary resections including segmentectomy and
lobectomy have also been performed for infectious diseases,
cavitary lesions, bullous disease, sequestrations, lobar emphy-
sema, congenital adenomatoid malformations, and neoplasm.
Thoracoscopy is also extremely useful in the evaluation and
treatment of mediastinal masses. It provides excellent access
and visualization for biopsy and resection of mediastinal
structures such as lymph nodes, thymic and thyroid lesions,
cystic hygromas, foregut duplications, ganglioneuromas, and
neuroblastomas.'*!> Other advanced intrathoracic procedures
such as decortication for empyema, patent ductus arteriosus
closure, repair of hiatal hernia defects, esophageal myotomy
for achalasia, thoracic sympathectomy for hyperhydrosis,
anterior spinal fusion for severe scoliosis, congenital dia-
phragmatic hernia repair, and most recently primary repair of
esophageal atresia have also been described in children. The
basic premise is that thoracoscopy provides better exposure
because of the proximity and magnification that the optical
system affords the surgeon. Couple this with the decreased
morbidity associated with the minimal access techniques,
thoracoscopy should be the preferred approach for nearly all
pediatric thoracic procedures.

Preoperative Workup

The preoperative workup varies significantly depending on
the procedure to be performed.'® Most intrathoracic lesions
require routine radiographs as well as a CT or MRI scan.
A thin-cut high-resolution CT scan is especially helpful in
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TABLE 6.1. Thoracoscopic procedures in children

Lung biopsy
Lobectomy
Sequestration resection

Patent ductus artcriosus ligation
Thoracic duct ligation
Esophageal atresia repair

Cyst excision TEF repair

Decortication Aortopexy

Foregut duplication resection Mediastinal mass excision
Esophageal myotomy Thymectomy

Anterior spine fusion Sympathectomy

Diaphragmatic hemia/placation Pericardial window

evaluating patients with ILD as it can identify the most
affected areas and help determine the site of biopsy as the
external appearance of the lung is usually not helpful (Fig.
6.1)." CT-guided needle localization can also be used to
direct biopsies for focal lesions, which may be deep in the
parenchyma and therefore not visible on the surface of the
lung during thoracoscopy. This is usually performed just
prior to the thoracoscopy with the radiologist marking the
pleura overlying the lesion with a small blood patch or dye
(Fig. 6.2)."81° Asintraoperative ultrasound imaging improves

FI1G. 6.1. High-resolution CT scan showing interstitial lung disease

Blood
patch

{ vyt

F1G. 6.2. Blood patch marks the pleural surface of an underlying lung
lesion

S.S. Rothenberg

this may provide a more sensitive way for the surgeon to
detect lesions deep to the surface of the lung and make up
for the lack of tactile sensation. At present, this technology
is still unreliable. A MRI scan may be more useful in evalu-
ating vascular lesions or masses, which may arise from or
encroach on the spinal canal or in the case of vascular rings.
These studies can be extremely important in determining
positioning of the patient and initial port placement.

A major consideration for the successful completion of most
thoracoscopic procedures is whether or not the patient will tol-
erate single-lung ventilation, thus allowing for collapse of the
ipsilateral lung to ensure adequate visualization and room for
manipulation. Unfortunately, there is no specific preoperative
test that will yield this answer. However, most patients, even
those who are ventilator dependent, can tolerate short periods
of single-lung ventilation. This generally allows adequate time
to perform most diagnostic procedures such as lung biopsy. In
cases where single-lung ventilation cannot be tolerated other
techniques may be used, and these will be discussed later.

Anesthetic Considerations

While single-lung ventilation is achieved relatively easily
in adult patients using a double-lumen endotracheal tube,
the process is more difficult in the infant or small child. The
smallest available double-lumen tube is a 28 Fr, which can
generally not be used in a patient under 30kg. Another option
is a bronchial blocker. This device contains an occluding bal-
loon attached to a stylet on the side of the endotracheal tube.
After intubation the stylet is advanced in the bronchus to be
occluded and the balloon is inflated. Unfortunately, size is
again a limiting factor as the smallest blocker currently avail-
able is a 6.0 tube. For the majority of cases in infants and
small children selective intubation of the contralateral main-
stem bronchus with a standard uncuffed endotracheal tube is
effective. This can usually be done blindly without the aide of
a bronchoscope simply by manipulating the head and neck.
It is also important to use an endotracheal tube one-half size
smaller than for standard intubation, or the tube may not pass
into the mainstem bronchus, especially on the left side.

At times, this technique will not lead to total lung col-
lapse as there may be some overflow ventilation because
the endotracheal tube is not totally occlusive. This problem
can be overcome by the routine use of a low-flow (1 L/min),
low-pressure (4mmHg) CO, infusion during the procedure to
help keep the lung compressed. If adequate visualization is
still not achieved then the pressure and flow can be gradu-
ally turned up until adequate lung collapse is obtained. Pres-
sures of 10-12mmHg can be tolerated for short periods of
time without significant respiratory or hemodynamic conse-
quences in most cases. This requires the use of a valved trocar
rather then nonvalved port (Thoracoport™, Autosuture, Nor-
walk, USA). This technique can also be used on patients who
cannot tolerate single-lung ventilation. By using small tidal
volumes, lower peak pressures, and a higher respiratory rate,
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enough lung collapse can be achieved to allow for adequate
exploration and biopsy. In neonates with TEF or other con-
genital malformations CO, alone can be used to deflate the
lung. Once the lung is collapsed it will stay that way until the
anesthesiologists makes a conscious effort to reexpand it. The
surface tension of the collapsed alveoli in the newborn keeps
the lung collapsed without excessive pressures being used.

This technique is also useful if bilateral procedures are being
performed such as in the case of sympathectomy.” A slight ten-
sion pneumothorax gives adequate exposure to visualize the sym-
pathetic chain without the need of changing which lung is isolated.
Whatever method is chosen it is imperative that the anesthesiolo-
gist and surgeon have a clear plan and good communication to
prevent problems with hypoxia and excessive hypercapnia and
to ensure the best chance at a successful procedure.”!

Positioning

Positioning depends on the site of the lesion and the type of
procedure. Most open thoracotomies are performed with the
patient in a lateral decubitus position. Thoracoscopic proce-
dures should be performed with the patient in a position that
allows for the greatest access to the areas of interest and uses
gravity to aid in keeping the uninvolved lung or other tissue
out of the field of view.

For routine lung biopsies or lung resections, the patient is
placed in a standard lateral decubitus position (Fig. 6.3). This
position provides for excellent visualization and access to all
surfaces of the lung. This position is also the most beneficial
set up for decortication, pleurodesis, and other procedures
where the surgeon may need access to the entire pleural or lung
surface. For anterior mediastinal masses the patient should be
placed supine with the affected side elevated 20-30° (Fig. 6.4).
This allows for excellent visualization of the entire anterior
mediastinum while allowing gravity to retract the lung poste-
riorly without the need for extra retractors. The surgical ports
may then be placed between the anterior and midaxillary lines
giving clear access to the anterior mediastinum. This position
should be used for thymectomy, aortopexy, or biopsy or resec-
tion of anterior tumors or lymph nodes. For posterior mediasti-
nal masses, foregut duplications, esophageal atresia, and work
on the esophageal hiatus the patient should be placed in a modi-

FI1G. 6.3. Lateral decubitus position for thoracoscopy
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F1G. 6.5. Modified prone position for access to the posterior medi-
astinum

fied prone position with the effected side elevated slightly
(Fig. 6.5). This maneuver again allows for excellent expo-
sure without the need for extra retractors. The patient can then
be placed in Trendelenburg or reverse Trendelenburg position
as needed to help keep the lung out of the field of view.

Once the patient is appropriately positioned and draped,
the monitors can be placed in position. For most thoraco-
scopic procedures it is advantageous to have two monitors,
one on either side of the table. The monitors should be placed
between the patient’s shoulders and hips depending on the site
of the lesion. The goal as always with endoscopic procedures
is to keep the surgeon in line with the camera, in line with
the pathology, and finally with the monitor. This allows the
surgeon to work in the most efficient and ergonomic way.
In some cases such as decortication the field of interest may
constantly change. In this case the monitors should be placed
at shoulder level and moved as necessary.

The majority of operations can be performed with the sur-
geon and one assistant. The surgeon should stand on the side of
the table opposite the area to be addressed so that he can work
in line with the camera as he performs the procedure. In most
lung cases such as biopsies, it is preferential to have the assis-
tant on the same side of the table as the surgeon so that he is not
working in a paradox (against the camera), as he is responsible
for operating the camera and providing retraction as necessary.
This concept is even more important when the field of dissection
is primarily on one side. Cases such as a mediastinal masses,
esophageal atresia, or more complicated lung resections require
greater surgical skill. It is imperative that both the surgeon and
the assistant are working in line with the field of view to prevent
clumsy or awkward movements. In cases such as decortication
where the field of view and dissection are constantly changing
and the majority of movements are relatively gross, having the
surgeon and assistant on opposite sides of the table is appropriate
and may actually expedite the procedure.
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Trocar Placement

Positioning of the trocars varies widely with the procedure
being performed and the site of the lesion. Thoughtful posi-
tioning of the trocars is more important then with laparoscopic
surgery because the chest wall is rigid and therefore the mobil-
ity of the instruments will be somewhat restricted as compared
to that in the abdomen. The most commonly performed proce-
dures, such as lung biopsy for ILD or decortication for empy-
ema, may require wide access to many areas in the thoracic
cavity, and therefore the ports are placed in such a fashion
as to facilitate this. However, this may result in some degree
of paradox during portions of the procedure. Other opera-
tions are directed toward a very restricted area, and therefore
the trocars are placed to allow for the best visualization and
access to this specific spot. In general, the camera port should
be placed slightly above and between the working ports to
allow the surgeon to look down on the field of view, much as
in open surgery. This will also minimize instrument dueling,
which can be a significant problem in smaller infants.

For example with lung biopsies the trocars should usually
be placed between the fourth and eighth intercostal space.
The camera port is usually in the midaxillary line at the fifth
or sixth interspace. If an endoscopic stapler is being used it
requires a 12-mm port and therefore should be placed in the
lowest interspace possible, especially in smaller children, as
these are the widest and better able to accommodate the larger
port. If the lesion is anterior it should be positioned closer to
the posterior axillary line and visa versa. This is to allow the
greatest amount of space between the chest wall insertion and
the lesion, as the working head of the stapler requires at least
45-50mm of space. The third or grasping port is placed closer
to the lesion and provides traction on the lesion during biopsy.
This arrangement allows the surgeon, camera, and primary
working port to be in line with the area to be biopsied. The
midaxillary port should be placed first to allow for modifica-
tion of the other two ports once an initial survey of the chest
cavity has been completed. A triangular arrangement of the
trocars has also been recommended because it allows for rota-
tion of the telescope and instruments between the three ports
giving excellent access to all areas. However, the surgeon can
find himself working against the camera, a situation which can
make the simplest procedure very difficult. Also, especially in
children, the number of large ports should be limited. There-
fore, careful planning should go into port placement to limit
the number and size of ports needed. Generally, trocar place-
ment can be tentatively planned based on preoperative imaging
studies and then modified once the initial trocar is placed.

Instrumentation

The equipment used for thoracoscopy is basically the same
as that for laparoscopy. In general 5- and 3-mm instrumenta-
tion is of adequate size, and therefore 5-mm and smaller tro-
cars can be used (Fig. 6.6). In most cases valved trocars are
used for the reasons previously discussed. Basic equipment
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should include 5-mm 0° and 30° lenses (most procedures are
best performed with a 30° lens). If procedures are being per-
formed in smaller children and infants it is also helpful to have
smaller lenses such as a short (16—-18-cm long), 3- or 4-mm-
diameter, 30° scopes and specifically designed shorter instru-
ments. These tools enable the surgeon to perform much finer
movements and dissection allowing advanced procedures
to be performed in infants as small as 1kg. A good quality
digital camera and light source are also extremely important
to allow for adequate visualization especially when using
smaller scopes, which transmit less light. Basic instrumenta-
tion should include curved dissecting scissors, curved dissec-
tors, atraumatic clamps (i.e., 3- and 5-mm atraumatic bowel
clamps), fan retractors, a suction/irrigator, and needle holders.
Disposable instrumentation that should be available includes
hemostatic clips, endoloops (pretied ligatures), and an endo-
scopic linear stapler. The linear stapler is an endoscopic ver-
sion of the GIA stapler (Autosuture, Norwalk, USA) used in
open bowel surgery. It lays down six to eight rows of staples
and divides the tissue between them, providing an air- and
watertight seal (Fig. 6.7). This is an excellent tool for per-
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forming wedge resections of the lung but unfortunately its
current size requires placement of a 12-mm trocar precluding
its use in patients much under 10kg because of the limited
size of their thoracic cavity. There are also a number of energy
sources available, which provide hemostasis and divide tissue.
These include monopolar and bipolar cautery, the ultrasonic
coagulating shears, and the Ligasure™ (Valleylab, Colorado,
USA), all of which can be helpful in difficult dissections. It is
also helpful to have one of the various tissue glues available
for sealing lung and pleural surfaces.

Postoperative Care

Postoperative care in the majority of patients is straightfor-
ward. Most patients following biopsy or limited resection
can be admitted directly to the surgical ward with limited
monitoring (i.e., pulse oximetry for 6-12h). These patients
are generally suitable for 23-h observation, and a number of
patients are actually ready for discharge the same evening.
If a chest tube is left it can usually be removed on the first
postoperative day. Pain management has not been a signifi-
cant problem. Local anesthetic is injected at each trocar site
prior to insertion of the trocar, and then one or two doses of
IV narcotic are given in the immediate postoperative period.
By that evening or the following morning most patients are
comfortable on oral codeine or acetametaphine. It is very
important, especially in patients with compromised lung
function, to start early and aggressive pulmonary toilet. The
significant decrease in postoperative pain associated with a
thoracoscopic approach results in much less splinting and
allows for more effective deep breathing. This has resulted
in a decrease in postoperative pneumonia and other pulmo-
nary complications.

Conclusions

The recent advances in technology and technique in endo-
scopic surgery have dramatically altered the approach to
intrathoracic lesions in the pediatric patient. Most opera-
tions can now be performed using a thoracoscopic approach
with a marked decrease in the associated morbidity for the
patient. This has allowed for an aggressive approach in
obtaining tissue for diagnostic purposes in cases of ILD or
questionable focal lesions in immunocompromised patients
without the fear of significant pulmonary complications pre-
viously associated with a standard thoracotomy. In general,
a lung biopsy can now be done with little more morbidity
than a transbronchial biopsy, yet the tissue obtained is far
superior. The same is true for mediastinal masses or foregut
abnormalities. Patients undergoing limited procedures may
be discharged home on the day of surgery, and lesions such
as esophageal duplications can be excised thoracoscopi-
cally with the patient ready for discharge the following day.
Even patent ductus arteriosus closures are now performed
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safely thoracoscopically with a hospitalization of less than
24 h. While a thoracoscopic approach may not always result
in a significant decrease in hospital days it may result in a
significant decrease in the overall morbidity for the patient,
such as in the case of severe scoliosis patients in whom a
thoracoscopic anterior spinal fusion results in earlier extuba-
tion, a decreased intensive care unit stay, and in general ear-
lier mobilization. Thoracoscopic surgery has clearly shown
significant benefits over standard open thoracotomy in many
cases, and with continued improvement and miniaturization
of the equipment the procedures we can perform and the
advantages to the patient should continue to grow.
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Thoracic Incisions and Operative Approaches

Dakshesh H. Parikh and David C.G. Crabbe

lllustrations drawn by Naseeba Hussain, Birmingham Children’s Hospital

Introduction

Most open thoracic operations in children can be performed
through a lateral thoracotomy. In the past a posterolateral
thoracotomy was used as a matter of routine but now this
full-length incision is rarely necessary. The potential for late
chest wall deformity following extensive muscle division and
rib resection associated with conventional thoracotomy has
encouraged most surgeons to use the muscle-sparing lateral
thoracotomy in children.

Video-assisted thoracic surgery (VATS) is being used
increasingly in children. In skilled hands most procedures
performed conventionally by open surgery can be adapted
to VATS. Median sternotomy has a limited role in pediatric
thoracic surgery for access to mediastinal structures and
simultaneous access to both lungs. The purpose of most
thoracic approaches is to provide optimal access and adequate
exposure of the viscera requiring surgical attention. Unsatis-
factory exposure of the operative field results in unnecessary
intraoperative and postoperative morbidity.

Historical Perspective

The early history of thoracic surgery is linked inextricably
to empyema, bronchiectasis, and tuberculosis. General anes-
thesia for thoracic operations really only became safe with
the development of endotracheal intubation and mechanical
ventilation. At the beginning of the last century Sauerbruch
attempted to operate on the chest using a negative pressure
“hypobaric” operating chamber (Fig. 7.1) but this proved
impossibly cumbersome. Vesalius described positive pressure
ventilation with endotracheal intubation in experiments on
pigs but this remained forgotten until the end of the nineteenth
century when the French surgeon Tuffier used this technique
for lung resection.?

The early lobectomies and pneumonectomies were performed
using tourniquets around the lung hilum and mass ligation.
Anatomical dissection for lobectomy was introduced in the
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1930s. The first successful staged operations for esophageal
atresia were performed in 1939 by Leven and then by Ladd. In
1941, Haight performed the first successful single-stage repair
through a left thoracotomy. In 1958, Ravitch introduced the
western world to surgical staplers, which had been developed
in Russia.

General Considerations

Knowledge of the surface anatomy of the chest wall provides
a reference for incisions to expose the intrathoracic viscera.
These landmarks become increasingly important when
minimally invasive techniques are used for chest surgery. The
subject is discussed further in the chapter on anatomy.

The surgeon should assume responsibility for positioning
the patient correctly on the operating table. The anesthe-
tized child is placed in a lateral decubitus position with a
role under the chest to open the rib spaces of the uppermost
side (Fig. 7.2). The child should be secured in this position
with sandbags or tape. The uppermost arm can be supported
by adequate padding and rotated forward. In adolescents
the arm can be placed in an arm trough. The legs should be
separated by a pillow with the lower leg flexed at the knee
and the upper leg straight. Padding should be placed under
pressure points. Heat loss from infants and babies can be
minimized using Bair Hugger® blankets (Arizant Inc., Eden
Prairie, Minnesota, USA).

e The lateral decubitus position affords the best access to the
lung hilum. If access to the abdomen or a thoracoabdomi-
nal extension to the incision is anticipated the child should
be placed in a half-lateral position with a role behind the
uppermost scapula.

e The surgeon should note the anatomical landmarks of the
nipple, scapula, and vertebral column.

e In a prepubertal girl the skin incision should remain at least
two fingerbreadths away from the nipple to avoid scarring
of the future breast.
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FiG. 7.1. Sauerbruch’s “hypobaric”

—~#mm Hg

operating chamber' (with permis-
sion from Interactive Cardio-
vascular and Thoracic Surgery,
http://icvts.ctsnetjournals.org/)

>

Fi1G. 7.2. Lateral decubitus position for thoracotomy

e Overenthusiastic rib retraction is a major cause of postop-
erative pain and should be avoided.

e The method of rib approximation during wound closure
remains controversial. The conventional choice is between
pericostal sutures and sutures taken through holes drilled in
the ribs. Alternatively if the pleural cavity has been entered
through the bed of a rib the periosteum can be closed by
suture. This closure is secure and avoids the rib crowding
often seen with pericostal sutures.

e The divided chest wall muscles are repaired with absorbable
sutures. The choice of suture material is individual but the
suture size will vary according to the age of the child. There
is no benefit from nonabsorbable sutures. For adolescents a
2/0 or 3/0 suture is appropriate, and for small children 3/0,
for infants and babies 4/0 sutures are adequate.

¢ Careful placement of intercostal chest drains at the time of
thoracotomy is important. Chest drains exiting behind the
posterior axillary line are painful and likely to kink, particu-
larly if the child lies supine. The ideal course for a chest drain
inserted at thoracotomy is to exit the costodiaphragmatic
recess and then the lateral chest wall between the anterior
and mid-axillary lines. This route avoids the major bulk of
the latissimus dorsi, pectoralis major, and serratus anterior
muscles. Chest tubes should run an oblique course through
the body wall, exiting the skin approximately two intercostal
spaces below the site where they exit the pleural cavity.

Thoracic Incisions

Posterolateral Thoracotomy

This approach is suitable for a wide variety of thoracic
procedures, providing good access to the lung, esophagus,
mediastinum, descending aorta, and diaphragm.

Palpate the inferior angle and vertebral border of the
scapula, the spine, and note the position of the nipple. The
standard incision extends from the anterior axillary line to a
point midway between the spine and the vertebral border of
the scapula, at the level of the fourth thoracic vertebra. The
incision may be extended anteriorly along the course of the rib
and posteriorly upward, bisecting a line between the vertebral
border of the scapula and the vertebral column. The latissimus
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dorsi and trapezius muscles are divided. The serratus anterior
muscle may be divided in the line of the incision but with
minimal difficulty this muscle can be elevated and retracted
anteriorly, and this should be a matter of routine. The origins
of the serratus anterior muscle are easily divided from the
underlying ribs using diathermy. The neurovascular bundle
supplying this muscle is preserved and “winging” of the scapula
is avoided.

By convention the thorax is opened through the bed of the
fifth rib or intercostal space. The surgeon may count the ribs
from above placing his hand below the scapula. Entry into the
pleural cavity may be obtained either through an intercostal
space or through the periosteal bed of a rib. The former is
easier if an extrapleural dissection is contemplated for repair
of an esophageal atresia. The latter approach is preferable for
older children.

Entry into the pleural cavity through an intercostal space is
made by using cautery to divide the intercostal muscles close
to upper border of the lower rib. Small sections of intercostal
muscle can be lifted with a hemostat and then divided. The
parietal pleura is then identified. If an extrapleural approach
is intended then the pleura is gently separated from the inside
of the chest wall using a small damp gauze. If a transpleural
approach is necessary the anesthetist should be asked to
suspend positive pressure ventilation for a short time as the
pleura is opened. Air enters the pleural cavity and the under-
lying lung collapses facilitating subsequent exposure without
injury to the lung.

The pleural space can also be opened through the bed of
a rib. The periosteum is cauterized along the length of the
chosen rib and then using a periosteal elevator. The posterior
periosteum can be opened using diathermy to gain entry to the
thoracic cavity. If difficulty is encountered or wide access is
necessary this can be achieved by either excising a segment of
posterior rib or by removing the whole rib.

Limited (Mini) Thoracotomy: Muscle-Sparing
Incisions

With familiarity most thoracic operation in children can be
performed safely through a smaller and muscle-sparing
incision. The incision must be placed strategically to allow
best access and also so that the wound can be extended safely
if greater exposure is required. Many muscle-sparing thoraco-
tomy incisions have been described.>” The general principle
is retraction rather than division of the chest wall muscles.
The skin incision for a lateral muscle-sparing thoracotomy
runs from the anterior axillary line to a point midway between
the spine and the vertebral border of the scapula, at the level
of the fourth thoracic vertebra. The anterior and anteroinferior
edges of the wound should be undermined with diathermy to
expose the latissimus dorsi and serratus anterior muscles. The
anterior border of the latissimus dorsi muscle is easily defined
and freed. This allows posterior retraction of the muscle to
expose serratus anterior. The neurovascular bundle can be seen
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running vertically down on the surface of this muscle. With
further retraction of the latissimus dorsi the posterior border
of the serratus anterior can be delineated. This is incised with
diathermy allowing the muscle to be retracted anteriorly. As
the dissection progresses, the digitation of serratus anterior
can be detached sequentially from the rib cage. Perforating
vessels from the intercostal arcades run through these muscle
slips and require meticulous diathermy to avoid unnecessary
bleeding. As the serratus anterior muscle is detached it can be
rolled up and “tucked away” under the scapula. The pleural
space is then entered in the manner described previously.

The muscle-sparing technique can also be used to enter the
chest through the triangle of auscultation. The boundaries of
this “space” are trapezius superiorly, the posterior border of
latissimus dorsi inferiorly, and laterally by the vertebral
border of the scapula (Fig. 7.3). If the scapula is drawn forward
parts of the sixth and seventh ribs and the interspace between
them become subcutaneous and available for auscultation
(hence the name). The skin incision for this approach is best
made slightly more posteriorly than for a lateral thoracotomy.
The edges of the incision should be undermined above and
below. The anterior border of trapezius is defined to allow

Trapezius

Incision in the triangle of
auscultation

Latissimus
dorsi

Fi1G. 7.3. The triangle of auscultation
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this muscle to be retracted posteriorly. The posterior border
of latissimus dorsi is similarly defined to allow retraction
forward. Additional undermining of the inferior skin flap may
be required at this stage to allow the latissimus dorsi to be
retracted sufficiently to gain decent access. The thorax can
then be opened at the desired level.

Closure of muscle-sparing thoracotomy incisions is simple
and rapid. The edges of the mobilized muscles are tacked into
place with fine interrupted sutures to provide a secure closure.

Subcutaneous emphysema and wound seromas are common.
The former is often dramatic and causes concern in the early
postoperative period. The tendency for air in the pleural cavity
to egress into the tissue planes can be reduced to a consider-
able degree by the following. The chest drain should be con-
nected to an underwater seal prior to closing the thoracotomy,
and the anesthetist should be asked to increase the positive end
expiratory pressure. Extubation is inevitably accompanied by
a paroxysm of coughing by the patient. Immediately prior to
extubation the surgeon should clasp the side of the child’s chest
firmly with a gloved hand. This encourages pleural air to exit
through the chest drain and not into the subcutaneous tissues.

Wound seromas typically appear at around 1 week postop-
eratively. If small they can be ignored but if large they should
be aspirated. Occasionally the aspiration needs to be repeated
two or three times.

Axillary Thoracotomy

This incision has been used for most thoracic operations over
the years.>*® The skin incision can be vertical or horizontal
although a horizontal incision is cosmetically more pleasing.
The subcutaneous tissue and fascia are divided to expose the
serratus anterior. Tissue planes are developed between the
superficial fascia and the muscle layers. Care should be taken
to avoid the intercostobrachial and long thoracic nerves. Latis-
simus dorsi is retracted posteriorly, and the serratus anterior
muscle is elevated to expose the desired rib space for thora-
cotomy.

The third intercostal space is best suited for operations on
the sympathetic chain, apical lung lesions, and patent ductus
arteriosus. The fourth space is used for wedge resection, upper
lobectomy pleurodesis, and biopsy of mediastinal lesions.
Bianchi successfully used this approach for the repair of
esophageal atresia in neonates.’ The fifth intercostal space is
employed for lobectomy or pneumonectomy and the sixth or
seventh space for diaphragmatic surgery.

Median Sternotomy

Median sternotomy is the incision of choice for most cardiac
operations. The incision is also useful if access to both lungs
is required, e.g., resection of pulmonary metastases, resec-
tion of apical bullae, and pleurectomy. Resection of upper and
middle lobes can be accomplished relatively easily through a
sternotomy although access to the lower lobes is unsatisfactory
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because of cardiac rotation and displacement. Median sterno-
tomy is a useful incision to expose the trachea, particularly if
surgery is to involve cardiopulmonary bypass. Anterior medi-
astinal tumors are best approached through this incision, as is
the thymus gland.

The anesthetized child is placed supine on the operat-
ing table. A sandbag is placed behind the shoulders, and the
arms are allowed to lie by the side of the patient. The neck
is extended slightly. A midline skin incision is made from
the suprasternal notch to 1 in. below the xiphisternum. The
incision is deepened down to the periosteum over the ster-
num using diathermy. The linea alba immediately below the
xiphisternum is opened but the peritoneum should be left
intact. In the upper end of the incision the anterior jugular
vein is divided, and the lowest portion of the infrahyoid strap
muscles is separated in the midline. The cautious surgeon
then insinuates one finger from above through the gap in the
strap muscles and a second finger though the gap in the linea
alba to develop a plane behind the sternum (Fig. 7.4). In small
children this is easy and the two fingers will touch. In older
children this maneuver is more difficult, and the length of the
sternum may preclude digital contact.

The sternum is then divided using a power saw with a recipro-
cating blade. The anesthetist should temporarily suspend venti-
lation at this point to avoid laceration of the pleural membranes.
Although it is possible to divide the sternum in an infant using
heavy scissors this should be resisted because it rarely leaves a
straight edge and also risks fragmentation of the cartilaginous
regions of the sternum. After the sternum has been divided
each edge should be wrapped in a damp swab. Careful atten-
tion should be paid to hemostasis at this point using diathermy
and Horsley’s bone wax. A Finochietto or similar self-retaining

F1G. 7.4. Digital dissection of the retrosternal plane
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retractor is then placed in the lower end of the incision. As the
retractor is opened tough connective tissue overlying the thymus
will need to be divided to allow the chest to open.

Closure of a median sternotomy is quick and reliable. Pleural
or mediastinal drains are bought out through stab wounds below
the main incision. Stainless steel wire is used to approximate
the two halves of the sternum. In infants no. 2 wires are used,
in older children no. 4 wires, and in teenagers no. 5 wires. The
wires can be driven through the sternum or taken round the edge
of the sternum between sternocostal junctions (Fig. 7.5). The
ends of the wires are twisted together, cut short, and then buried
in the sternal tissues. Between five and seven wires should be
sufficient. There is no benefit from trying to close the sternum
in a small child with absorbable sutures because it is impossible
to tie these sufficiently tightly to prevent movement, which is
painful. The linea alba should be closed with one or two inter-
rupted heavy absorbable sutures and the strap muscles approxi-
mated with absorbable sutures of a finer grade.

Reopening a median sternotomy can be a challenging pro-
cedure. It is essential to determine whether the pericardium is
intact and whether there is a space behind the sternum. This
may require a CT or MR scan. If the pericardium has been
opened previously, particularly if it has been left open, facilities
for cardiopulmonary bypass must be available immediately.
Consideration should be given to exposure and cannulation
of the femoral vessels prior to reopening the sternum in high-
risk cases. Unless access to the heart is required the surgeon is
advised to consider an alternative approach.

In general it is relatively straightforward to reopen a ster-
notomy that has been used to resect pulmonary metastases.
The pericardium is intact and the thymus gland is more or
less intact. The incision is reopened in a similar way to the
previous description. The previous wires should be cut and

Fi1G. 7.5. Median sternotomy closure
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removed. It may be impossible to redevelop the plane behind
the sternum by blunt finger dissection. The sternum should be
divided cautiously using an oscillating power saw. Once the
bone has been divided the edges can be carefully separated
using sharp dissection to release adhesions from the previous
surgery. Closure is as described previously.

Thoracoabdominal Incisions

The indications for a thoracoabdominal incision in pediatric
practice are few. In almost every occasion adequate exposure
can be obtained through either a thoracotomy or a laparotomy.
Thoracoabdominal incisions are unduly painful. There is a
significant risk of late chest wall deformity associated with
division of the costal margin. Rarely, a right-sided retroperito-
neal tumor can be mobilized more easily through a thoracoab-
dominal incision.

The anesthetized child should be placed on the operating
table in a half-lateral position. If the position is too lateral
access to the abdominal viscera will be difficult. Sandbags
should be placed behind the scapula and pelvis. An incision
should be made along the line of the ninth rib. The incision is
continued through the layers of the abdominal wall, which are
divided with cautery. The thorax should be entered through
the bed of the rib, as described previously. Rib resection is not
required. The costal margin should be transected cleanly with
a scalpel. The diaphragm will need to be divided. This is best
performed from above. The diaphragm should be detached
circumferentially from the chest wall using cautery, leaving
a rim of diaphragm approximately 1 cm wide to allow reat-
tachment. Radial incision of the diaphragm will denervate a
significant portion of the muscle (see Chap. 40) and, although
marginally simpler, adds nothing to the subsequent exposure.

Closure of the incision commences with reattachment of
the diaphragm using interrupted heavy absorbable sutures.
The costal margin should be approximated next using either a
similar heavy absorbable suture or no. 2 stainless steel wire.
The advantage of the latter is that two sutures can be inserted
a right angles to the long axis of the costal margin and then
twisted to bring the edges into apposition. The abdominal wall
muscles are closed in a conventional manner.

Intercostal Chest Tube Insertion
and Management

Wherever possible, intercostal chest tubes should be inserted
under general anesthesia in young children. General anesthesia
is invariably safer than intravenous sedation in children for this
type of procedure and it is the preferred option for noncoop-
erative children. If a chest drain has to be inserted under local
anesthesia equipment for resuscitation and monitoring must be
available along with a nurse and an assistant for the surgeon.
In an elective setting informed consent should be obtained.
It is incumbent on the operating surgeon to confirm the correct
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side for drainage and to ascertain that the necessary equip-
ment are available. Emergency insertion of chest drains will
be necessary to treat a tension pneumothorax, parapneumonic
effusion, or a traumatic hemothorax where there is respiratory
impairment from mediastinal shift. This should be preceded
by aspiration of the chest through a 14- or 16 G intravenous
cannula, which should result in an immediate improvement in
the clinical condition of the patient.

Chest drains should be inserted with an aseptic technique.
Whether general anesthesia is used or not local anesthetic
should be infiltrated into the chest wall for postoperative
analgesia. Plain bupivacaine 0.25% with a maximum dose of
2mg/kg (0.8 ml/kg) ) will provide anesthesia for several hours.
Local anesthetic should be infiltrated into the skin, subcuta-
neous layers, and the intercostal muscles. Intercostal nerve
blocks using bupivacaine provide an excellent alternative.

Chest drains should be placed using the open technique
described in the ATLS/APLS guidelines. The “safe triangle”
for insertion of a chest drain is outlined by the lateral border
of pectoralis major, a horizontal line at the level of the nipple,
and posteriorly by the anterior border of the latissimus dorsi
(Fig. 7.6).'° Siting a drain in this position avoids damage to the
breast and chest wall muscles. The skin should be incised over
the fifth rib in the mid-axillary line. The subcutaneous tis-
sues are separated by blunt dissection down to the rib using a
hemostat. At this point a track through the intercostal muscles
over the upper border of the fifth rib should be created using
the hemostat. A distinct pop will be felt as the parietal pleura
is breached, and this will be rewarded by drainage of fluid or
air through the incision (Fig. 7.7). This use of chest drains
with trocars is to be deprecated, and the technique described
renders this redundant.

The choice of size of chest tube will depend on the underlying
pathology. A pneumothorax can be drained adequately with a
10-16F catheter; a haemothorax will require a larger cath-
eter of 20-28 F. The choice of catheter for empyema drainage
is controversial. Conventional surgical practice dictates the use
of a 16-24F chest tube but recent experience with fibrinolytic
agents suggests that small-bore catheters 12—14 F may be suffi-
cient. Small-bore chest drains are now available commercially
with Seldinger introduction kits, which are simple to use and
avoid the need for dissection through the chest wall.

It is vital that a chest tube is well secured after insertion to
prevent inadvertent displacement. A very heavy gauge non-
absorbable suture should be used (e.g., no. 1 silk). A gener-
ous bite of skin should be taken and the suture knotted at this
point. The suture should then be tied repeatedly around the
chest tube. The latter knots should be tied sufficiently tightly
that a visible waist around the drain is created by the suture.
Some centers have found custom dressings/fixation devices to
retain chest tubes beneficial, particularly for small-bore tubes
(Drain-Fix®, Maersk Medical Ltd, Stonehouse UK). The use
of “purse-string” sutures, which are tied to produce an air-tight
seal after drain removal, is unnecessary. Purse-string sutures
are painful and produce a cosmetically unacceptable scar. The
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F1G. 7.6. Safe triangle for insertion of a chest drain

Fi1G. 7.7. Technique: insertion of chest drain

chest drain should be connected immediately to an underwater
seal. The tip of the drainage tube should be 1-2cm below the
water level. A chest radiograph postchest drain insertion is
mandatory. The position of the drain can be confirmed, and
resolution of the pleural collection can be noted.

The application of suction to chest drains is controversial.
The use of low-pressure suction (5—-10cm of water) has been
suggested as a method of preventing blockage of small-bore
tubes by debris, although this is of doubtful value. In general
suction is a poor alternative to an adequate-size chest tube. If
suction is to be applied to a chest tube a low-pressure high-
volume wall-mounted suction regulator should be used. If this
is not available then low-pressure suction can be improvised
using three chest drain bottles (Fig. 7.8). Short-term suction
is of benefit when there is a large air leak from the lung.
Provided air is evacuated from the pleural space more rapidly
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than it can accumulate, the lung will reexpand fully and this
provides the best opportunity for an air leak to seal sponta-
neously. Once the air leak has ceased there is no benefit in
continuing suction.

Chest Drain: Ward Management

1. Specially trained nursing staff should manage patients
with chest drains.

2. The underwater seal bottle should be kept upright and
below the chest at all times. The end of the chest drain
tube should be covered by at least 1-2-cm water.

3. A daily record must be kept of the drainage, whether the
drain is bubbling, and the presence of respiratory swing.
Regular temperature, pulse, and respiration charts should
be kept along with a fluid balance chart.

4. If a large pleural effusion is being drained the chest
tubes should be clamped for 1h after 10 ml/kg of fluid is
removed to avoid reexpansion pulmonary edema.'"!?

5. Medical personnel giving instructions for chest drain
clamping should record these in writing in case notes.

6. Bubbling chest drains should never be clamped.

7. In presence of chest pain or breathlessness the chest drain
should be unclamped immediately.

8. Parents and patients should be encouraged to take joint
responsibility for the chest tube and underwater seal bot-
tle. Connections and tapes attaching the drain to the chest
wall must be secure at all times.

9. Blockage or a kink of the tubing should be suspected if
drainage ceases suddenly. Obstruction may be cleared out
by carefully flushing the drain with 10-15ml of normal
saline under aseptic conditions. If the drain cannot be res-
cued it may need replacing.

“HF

Pressure

/ regulated by
distance this
tube lies below
the water level
(cm H20)

200 oooooaoi |

%050
(S

Underwater seal Manometer

10. Chest drains are removed once the lung is fully expanded.
In older cooperative children the tube can be removed
while the patient performs a Valsalva maneuver. In
younger children the drain should be removed as quickly
as possible during expiration. The chest drain exit site
should be covered immediately with an airtight occlusive
dressing that should remain in place for 48 h.

11. A chest radiograph may be taken after drain removal
although this is not considered essential.

Complications of chest drain insertion are well reported.
Ill-advised placement of chest drains may result in penetra-
tion of the liver or spleen. This can be avoided if the “safe
triangle” is used. Forcible insertion of a chest tube using a
trocar has been associated with puncture of the heart and
esophagus, with fatal consequences. The open technique for
chest drain insertion will avoid this risk. Inadvertent punc-
ture of the lung is very unlikely in a child breathing spon-
taneously using the open technique. If the child is attached
to a mechanical ventilator this should be disconnected tran-
siently as the pleura is opened and the drain inserted to avoid
injury to the underlying lung.

General Techniques for Pulmonary
Resection

Technical considerations for pulmonary resection for various
pediatric conditions will be discussed in detail in the respec-
tive chapters. Surgeons undertaking lung resection in children
should be proficient in the basic techniques of dissection and
control of large blood vessels, dissection and closure of bron-
chi, and management of the raw surface of the lung. Specific
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techniques for endoscopic lung resection will be discussed in
detail in the chapter on VATS.

Dissection and Control of Major Arteries
and Veins

The pulmonary arteries are thin walled and prone to uninten-
tional injury. Simultaneous traction and countertraction should
be avoided. It is also important and essential to avoid traction
on branches of the pulmonary artery as they can be avulsed
with significant bleeding. Both blunt and sharp dissection is
necessary to define the branches of the main pulmonary artery.
The fascial envelope around the artery is divided longitudinally,
and the vessel underneath is freed by gentle blunt dissection
from the underlying fascia. If the vessel is large it should be
doubly ligated proximally with a nonabsorbable suture. Reli-
able surgical knots are essential, and sequential throws must be
placed squarely. Tension should be avoided when dividing a
vessel between ligatures, as a loosely tied knot may be pulled
off accidentally with predictable consequences.

Pulmonary veins can be managed in a similar fashion to the
arteries. The walls of the veins are slightly stronger than the
arteries. It is a misconception that ligating veins first cause
the lung to become congested. Miller showed experimentally
that ligating a pulmonary vein causes reflex shunting, which
directs arterial flow to other parts of the lung."”” Additional
security can be gained by transfixion ligating the main pul-
monary arteries using a nonabsorbable suture. In terms of
pediatric pathology it is almost never necessary to divide the
pulmonary veins inside the pericardium.

Should inadvertent vascular injury occur during dissection
the following well-accepted techniques should be used. Direct
pressure should be applied to the site of the bleeding with a
gauze sponge. Care should be taken to avoid further injury to
the bleeding vessel. The anesthetist should be warned that a
vessel has been damaged, and blood can be bought into theatre
and checked prior to transfusion.

Vascular clamps should be opened and suction set up. An
attempt should then be made to expose the vessel and obtain
proximal and distal control. It may be possible to control the
injured vessel with a fine vascular clamp. The vessel should
then be repaired using a fine vascular suture (4/0 or 5/0
Prolene, preferably on the vascular CC needle).

Dissection and Control of Major Bronchi

The main bronchus is usually the last structure to be divided
during a pneumonectomy. On right side the bronchus can
be dissected up to the carina without difficulty. On the left
side the surgeon has to be more cautious during dissection
within the aortic window. It is important to leave behind
a short bronchial stump to avoid leaving a diverticulum
on the trachea. Particular care should be taken when dis-
secting a main stem bronchus from the surrounding hilar
nodes to avoid damage to the investing fascia and blood
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supply because this may jeopardize healing of the bronchial
closure. Many surgeons use mechanical staplers for bronchial
closure. These devices are simple to use and offer reliable
stump closure but they can be difficult to negotiate into the
correct position in small children. For this reason the surgeon
should be proficient at manual closure of a bronchus.
The bronchus should be occluded with a noncrushing clamp
distal to the proposed site of resection. The bronchus is then
partially divided and the stump closed sequentially with
4/0 or 5/0 Prolene nonabsorbable suture. Interrupted single
or mattress sutures are used to approximate the posterior
membranous layer of the bronchus to the anterior cartilag-
inous wall. Once closure is complete the stump is tested for
any air leak. Lobar and segmental bronchi can be closed in a
similar fashion to the main bronchus. Subsegmental bronchi
can be secured by simple ligation.

Occasionally an air leak is identified from the stump of a
bronchus. Sometimes the posterior membranous portion of the
bronchus has been torn accidentally. This may be closed using
additional sutures. Occasionally surrounding tissues may be
approximated to buttress the repair. Unnecessary devascular-
ization of the bronchial stump should be avoided.

Raw Surface of the Lung

The raw surface of the lung parenchyma can be the source
of a major air leak or bleeding. The raw surface should be
inspected carefully for bleeding and air leak after the lung has
been reinflated before the closure of the thoracotomy. Small
alveolar leaks tend to stop spontaneously after the lung is fully
expanded. However, leakage from smaller bronchioles must
be recognized and controlled. Various techniques are used to
control the raw surface of the lung including closure of the
parenchyma by bringing the two surfaces together and apply-
ing fibrin glue. These should be unnecessary if meticulous care
is taken to control air leaks and bleeding from the raw surface.
One advantage of using linear staplers to divide lung paren-
chyma either during nonanatomical resections or to divide
incomplete fissures is that air leaks are very uncommon.

Lobectomy

Lobectomy is the commonest lung resection performed in
children. Lung resection may be required for benign condi-
tions including pulmonary infections and bronchiectasis or for
congenital anomalies of the lung, including lobar emphysema.
Primary lung tumors are very rare in children, and metastases
are usually removed by local resection rather than lobectomy.

The techniques for lobectomy are well established. The
chest is opened through a posterolateral or a lateral muscle-
sparing incision. Opening the thorax at the level of the fifth
rib provides good access to the hilum for all lobectomies in
children. Once the pleural space is entered any adhesions
between the lung and pleura should be divided. Incomplete
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lobar fissures are common. Hilar dissection is performed
in order to identify, ligate, and then divide first artery, then
the vein and lastly the lobar bronchus. However, this is not
always possible especially if there are dense adhesions and
florid lymphadenopathy around the hilum. In this circum-
stance it may be safer to divide the vein after the bronchus
has been sectioned.

Specific Technical Considerations

Right upper lobectomy: The pleura over the main pulmonary
artery should be incised to expose the upper lobe branches.
The superior trunk of the pulmonary artery is identified,
and the branches to the apical and anterior segments of the
upper lobe are individually ligated and divided (Fig. 7.9).
The tributaries of the superior pulmonary vein are identified
and divided next, taking care to avoid the veins draining the
middle lobe (Fig. 7.10). The posterior segmental artery to the
upper lobe can be divided at this point. The horizontal fissure
is then opened or divided using an endo-GIA™ or TA™ stapler
(Tyco Healthcare, Mansfield, MA, USA). At this point all that
remains is to divide the upper lobe bronchus. This is best per-
formed from behind the hilum. The bronchial stump should
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F1G. 7.9. Right upper lobe dissection
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be closed flush with the bronchus intermedius either with a
hand-sewn closure, as described previously, or using a stapler.
Once the lobectomy is complete the inferior pulmonary liga-
ment may be divided to allow the lower lobe to elevate. If the
oblique fissure is complete it is prudent to make sure that the
middle lobe cannot volve. If this seems likely then a series of
fine sutures should be placed to attach the edge of the middle
lobe to the lower lobe.

Right lower lobectomy: During this operation the dissection
begins in posterior part of the oblique fissure to identify the
artery to the apical segment of the lower lobe. This vessel is
divided, taking care to avoid the branch(es) to the middle lobe,
which arise at the same level (Fig. 7.10). It may help at this stage
to ligate and divide the apical segmental bronchus. The arteries
to the basal segments can then be divided. The inferior pulmo-
nary ligament is then divided and the lung reflected forward.
This allows the inferior pulmonary vein to be identified and
divided. Attention is then turned back to the anterior surface of
the lung, and the trunk of the lower lobe bronchus is followed
proximally to permit identification of the bronchus or bronchi
supplying the middle lobe. These arise at a similar level, but
diametrically opposite to the apical segmental bronchus of the
lower lobe. The bronchus is divided at this point. This can be
achieved conveniently using a stapler or hand sewn.

Right middle lobectomy: Resection of the middle lobe is
more difficult than any other lobectomy. The horizontal
fissure must be opened to identify the inferior pulmonary
artery. Usually there are two vessels supplying medial and
lateral segments of the middle lobe although not uncommonly
these arise as a single trunk diametrically opposite the origin
of the apical segmental artery to the lower lobe, which must
be preserved (Fig. 7.11). The middle lobe vein(s) join the
superior pulmonary vein, and this can be divided after incising
the pleura over the anterior surface of the hilum. The trunk
of the middle lobe bronchus is most easily secured from the
posterior aspect of the hilum. The relationship of the middle
lobe bronchus to the bronchus supplying apical segment of
the lower lobe is similar to the arteries. Great care needs to be
exercised to ensure that the middle lobe bronchus is divided
flush with the bronchus intermedius in a manner that does not
narrow the lower lobe apical segmental bronchus.

Left upper lobectomy: The lobe should be retracted ante-
riorly and downward to allow the pleura over the pulmonary
artery to be incised. As the left pulmonary artery spirals
down over the main bronchus to enter the fissure a series of
branches enter the upper lobe. These have a variable con-
figuration — they may arise as individual branches or as a
common trunk. Precision is needed to secure these vessels,
which are easily avulsed inadvertently from the pulmonary
artery (Fig. 7.12). The lingular segmental vessels will be
identified within the fissure, and the lowest branch arises at
the same level, or sometimes even distally, to the lower lobe
apical segmental artery, which must be preserved. Branches
of the superior pulmonary vein are best ligated individually
at segmental level. The main trunk of the vein can then be
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transfixion ligated for additional security. The upper lobe
bronchus must be divided flush with the main bronchus and
closed by either stapling or hand suture.

Left lower lobectomy: This is probably the simplest lobe
to resect. The pulmonary artery is identified in the fissure.
The apical segmental artery should be identified and divided
first. This vessel often arises above the level of the lingular
branches. The apical segmental bronchus may also be divided
at this stage. The basal segmental arterial branches can be
then divided individually or at the level of the common trunk.
The inferior pulmonary ligament is divided next and the
pleural reflection over the anterior surface of the hilum incised
to expose the inferior pulmonary vein. This vessel should be
transfixion ligated and then divided.

The lower lobe bronchus lies immediately below the artery
and is easily identified and managed in the way described
previously.

Segmental Resection

Individual ligation and division of the corresponding bron-
chovascular structures allows anatomical resection of a single
bronchopulmonary segment of lung. Segmental resection is
technically more demanding than lobectomy, requiring a
three-dimensional understanding of bronchovascular anatomy.
In most situations a nonanatomical or “wedge” resection using
a surgical stapler is simpler and more reliable.

The general principles of segmental resection are as follows.
The lobe should be mobilized completely to facilitate the
exposure required for segmental resection and subsequent
reexpansion. The most reliable landmark of a segment is its
bronchus, which is rarely anomalous. The segmental bronchi
of the right upper and lower lobes and left lower lobe can be
identified relatively easily prior to ligation of the segmental
artery. This is more difficult in the left upper lobe, where the
arteries obscure the segmental bronchi.

The intersegmental plane can be identified by occluding the
segmental bronchus and then allowing the surrounding lung
to inflate. Occasionally the reverse is necessary to identify
a diseased segment. The whole lung is inflated first and the
segmental bronchus occluded as the lung is deflated. The dis-
eased segment remains inflated, delineating the margins of the
intersegmental plane.

The segmental veins are divided last after completing the
intersegmental dissection. It is essential to ensure that the
venous drainage of the adjacent segments is intact before
completing segmentectomy.

Air leaks should be controlled with fine sutures and bleed-
ing with bipolar diathermy. Air leaks are common after seg-
mental resection, which is one reason why nonanatomical
stapled wedge resection is usually preferable. Management
of an air leak depends on the severity of the air leak, the gen-
eral condition of the patient, and the state of the surround-
ing lung. A continuing significant air leak often requires a
second-look thoracotomy. It may be possible to seal the leak
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with a muscle flap, but if this is not possible a completion
lobectomy will be required.

Pneumonectomy

Pneumonectomy is rarely necessary in children. Occasion-
ally a hilar tumor or a massive congenital lung malformation
may necessitate pneumonectomy. Pneumonectomy is usually
straightforward in absence of hilar lymphadenopathy and
vascular adhesions. Hilar dissection permits identification
of the pulmonary artery and then the superior and inferior
pulmonary veins. These vessels are large and require double
ligation or transfixion ligation with nonabsorbable sutures.
The bronchus is closed flush with the edge of the trachea
either by hand or using a stapler. The bronchial stump should
be leak tested by filling the hemithorax with sterile saline
and inflating the contralateral lung to 35cm H,0 pressure.
If an air leak is identified this may be closed with an addi-
tional suture or by bringing surrounding tissues over the
bronchial stump. Chest drainage is probably best avoided
following pneumonectomy in children because of the risk of
mediastinal displacement.

Complications

Intraoperative Complications
and Their Management

Thoracic surgery in children can be associated with life-
threatening complications. These include catastrophic
bleeding, hypoxia, and contralateral pneumothorax. Lung
dissection is invariably associated with some bleeding into
the airway. If severe this will compromise ventilation, partic-
ularly if compounded by pus released from a bronchiectatic
lobe. Ventilation may improve with endobronchial suction
but occasionally an emergency change of endotracheal tube
is necessary. This is a challenging procedure for even the
most experienced anesthetist when the child is fixed to the
operating table in a lateral position with the wound open.
The surgeon can facilitate this difficult task in several ways.
Firstly, the drapes can be lifted or even removed to improve
access. Secondly, the surgeon can palpate the trachea and
confirm arrival of a new tube. Thirdly, if profound hypoxia
develops before the tube can be reinserted the surgeon may
need to open the airway from inside the thorax and temporar-
ily insert an endobronchial tube, which can be connected to
the anesthetic circuit. This is relatively easy to do through a
lobar bronchus or through a direct incision in the main bron-
chus. After the orotracheal airway has been resecured the
transthoracic tube is removed and the bronchotomy closed.
Paraplegia is a rare but disastrous complication, which can
occur during dissection of a tumor encroaching on the
vertebral column. Monopolar cautery should be avoided in
this region as should the temptation to packing Surgicell or
similar material into an intercostal space near the intervertebral



92

foramen to stem bleeding.'*'¢ The fragile dura is damaged
easily and a hematoma may collect in the spinal canal. Some
recovery may be possible with early recognition and urgent
decompression.

Postoperative Complications

Postoperative bleeding after pulmonary resection usually arises
from a bronchial artery, which has been overlooked or from a
chest wall vessel. Postoperative bleeding of more than 10 ml/
kg per hour on two consecutive hours is likely to be associated
with signs of shock and represents an indication for immediate
reexploration. It should be noted that a chest drain may block
with clotted blood. In this situation shock will be accompanied
by respiratory distress. The diagnosis will be confirmed by an
urgent chest X-ray. Reexploration is essential.

Postoperative atelectasis is usually related to retained secre-
tions. This may be compounded by postoperative sedation
from analgesia leading to poor respiratory effort. In children
this will generally respond to good pain management and
physiotherapy. Very rarely bronchoscopy is necessary to aspi-
rate retained secretions.

Subcutaneous emphysema is not uncommon after lobec-
tomy. This has been discussed in detail in the section on mus-
cle-sparing thoracotomy.

Postpneumonectomy syndrome is a rare but serious com-
plication, which may follow right pneumonectomy in infants
and young children. Following resection of the right lung the
mediastinum will displace and rotate into the right thorax. As
the child grows the left main bronchus becomes angulated and
stretched between the aortic arch and the pulmonary artery.
This gradually occludes the bronchus causing progressively
worsening dyspnea from bronchomalacia. The condition has
been reported in children with agenesis of the right lung.
Treatment is generally unsatisfactory. Prevention is probably
the best option by implanting a tissue expander into the thorax
at the time of pneumonectomy, which can be progressively
inflated as the child grows.

Residual air spaces following lobectomy in children occur
occasionally. They are considerably less common than in
adults because of the better condition of the pediatric lung.
The majority cause no symptoms and resolve over a period of
a few months as nitrogen is absorbed slowly from the air space
and the adjacent lung expands.

Minor air leaks following lung resection are relatively
common. The majority will settle within a few days after the
residual lung expands completely. Applying low pressure
(10-20cm H,O) to the chest drain may help. Provided the
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child remains well and afebrile patience is usually rewarded
by eventual resolution of the air leak.

A persistent air leak after resection of a bronchiectatic lobe is
more complicated because the bronchopleural fistula will usu-
ally be associated with an empyema. This will prejudice healing
and may leave reexploration as the only option. In this situation a
muscle flap may need to be taken into the thorax to close a leak-
ing bronchus with healthy vascularized tissue. The simplest mus-
cle flap to raise for intrathoracic use is from serratus anterior.
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Pneumonia

Tim W.R. Lee, Keith G. Brownlee, and Philip A.J. Chetcuti

Introduction

Pneumonia can be defined either on clinical grounds alone, or
in combination with the radiological appearance. The World
Health Organization defines pneumonia as cough or difficulty
in breathing combined with tachypnea greater than 50 breaths
per minute when less than 1 year of age, and greater than 40
breaths per minute from 1 year of age and older.! Radiological
features of alveolar consolidation are generally thought to be
suggestive of bacterial pneumonia.>*

Historical Perspective

The introduction of antibiotics in the mid-twentieth century
dramatically altered the natural history of bacterial pneumonia.
From being one of the leading causes of death in childhood,
pneumonia is now predominantly a treatable condition with
low mortality. In the developing world morbidity and mortality
remain significant, principally because of poor nutrition and
limited access to healthcare services.*?

Basic Science and Pathogenesis

Etiology

Studies examining the etiology of community-acquired pneu-
monia are hampered by the frequent difficulty in culturing
organisms from either respiratory secretions or blood. In addi-
tion, serology or sensitive polymerase chain reaction assays
may be coincidentally positive for potential viral pathogens,
due to their ubiquitous nature.

In approximately 20-60% of children with pneumonia no
pathogen can be identified.® In children less than 5 years of
age viruses are more likely to be causal, whereas in older
children bacterial and atypical infections are common.” In the
neonatal period group B streptococci, gram-negative enteric
bacteria, and Chlamydia trachomatis are causes of pneumonia.

D.H. Parikh et al. (eds.), Pediatric Thoracic Surgery,
DOI: 10.1007/b136543_8, © Springer-Verlag London Limited 2009

The commonest bacterial cause of pneumonia in childhood is
Streptococcus pneumoniae, followed by Haemophilus influ-
enzae, which is particularly prevalent in children under the
age of 3. Atypical infections with Mycoplasma pneumoniae
and Chlamydia pneumoniae are common in older children.’
Table 8.1 illustrates the common pathogens associated with
pneumonia in the immunocompetent child.

Epidemiology

Studies in the developed world suggest the incidence of
radiologically confirmed community-acquired pneumonia is
approximately 36 per 1,000 per year in children less than 5
years of age, and 16 per 1,000 per year in the age range 5-14
years, when all children are included, whether hospitalized
or not.® If only hospitalized children with radiologically con-
firmed community-acquired pneumonia are considered the
incidence is approximately 3 per 1,000 per year.!° Mortality
related to community-acquired pneumonia in the developed
world is estimated to be approximately 0.1 per 1,000 per year,
although this figure is based on one death in one study.’

Clinical Features

The clinical course, severity, and likely pathogens of commu-
nity-acquired pneumonia are closely linked with the age of the
patient. Neonates and infants can deteriorate rapidly, and they
can be susceptible to unusual organisms, so the clinical approach
is best undertaken in an age-dependent manner. Table 8.2
summarizes the clinical features for each age.

Neonatal Period

Tachypnea greater than 60 breaths per minute is the common-
est and most useful sign of pneumonia in the neonate.® Indeed,
a respiratory rate greater than 70 breaths per minute has 63%
sensitivity and 89% specificity for hypoxemia."" Signs of
respiratory distress such as intercostal and subcostal recession,
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TaBLE 8.1. Common pathogens causing pneumonia in the immu-
nocompetent child, grouped by child’s age.

Age Likely pathogens

Neonate (<4 weeks) Group B streptococcus

Gram-negative enteric bacteria

Viruses, such as respiratory syncitial virus (RSV),
Parainfluenza, Influenza, Adenovirus

Chlamydia trachomatis

Bordetella pertussis

Viruses, such as respiratory syncitial virus (RSV),
Parainfluenza, Influenza, Adenovirus
Hemophilus influenzae

Streptococcus pneumoniae

Streptococcus pneumoniae

Mycoplasma pneumoniae

Chlamydia pnemoniae

Viruses, such as respiratory syncitial virus (RSV),
Parainfluenza, Influenza, Adenovirus

5 weeks — 4 months

4 months — 5 years

5 years — 15 years

In each cell pathogens are listed in approximate order of relative importance
and prevalence at each age. Table adapted from British Thoracic Society
Standards of Care Committee® and from Stein and Marostica’

TaBLE 8.2. Common clinical features of bacterial lower respiratory
tract infection, grouped according to age.

Age Temperature Respiratory rate Features

38.5°C Intercostal and subcostal
recession, tracheal tug,
nasal flaring, head bobbing,
expiratory grunting

May have features of
septicemia

Intercostal and subcostal
recession, tracheal tug,
nasal flaring, head bobbing,
expiratory grunting

May have cough

May have focal crackles or
bronchial breathing

If wheezy then viral lower
respiratory tract infection
more likely

Intercostal and subcostal
recession, tracheal tug,
expiratory grunting

May have cough

May have focal crackles or
bronchial breathing

If wheezy > Syears of age
consider mycoplasma

Neonate
(<4 weeks)

>60 per min

5weeks—1 38.5°C

year

>50 per min

>1 year 38.5°C >40 per min

Table adapted from British Thoracic Society Standards of Care Committee®
and from Coote and McKenzie**

tracheal tug, nasal flaring, and expiratory grunting are often
seen.'? High-grade fever >38.5°C is common although hypo-
thermia can also occur. The more severely affected infant may
be septicemic. Auscultation of the chest is usually not helpful.
Clinical deterioration can occur extremely rapidly in this age
group.

Herpes virus pneumonia presents classically in the newborn
period and follows asymptomatic shedding of the virus by the
mother.”® Rapidly progressive respiratory distress occurs at
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about 6-10 days of age, often in association with pyrexia but
without an associated vesicular eruption, particularly in the
initial phase. Diagnosis requires viral culture or polymerase
chain reaction analysis of airway secretions, and treatment is
with acyclovir.'

Older Children

Pneumonia in infants beyond the newborn period will usually
present with tachypnea greater than 50 breaths per minute and
pyrexia >38.5°C. Signs of respiratory distress may be present.
Auscultation can be helpful as bilateral wheeze or crepitations
in the pyrexial preschool child is much more suggestive of a
viral etiology for the lower respiratory tract infection. Focal
crackles and/or bronchial breathing suggest a lobar focus for
the pneumonia. These features have a sensitivity of 75% and
specificity of 57% for predicting radiological consolidation.'

One specific classical presentation in early infancy is Chla-
mydia trachomatis pneumonia, which occurs from 4 weeks
to 4 months of age (Fig. 8.1). Typically, these infants have
conjunctivitis (50% of cases), tachypnea, a “staccato” cough,
and are afebrile.® From 1 year of age tachypnea greater than
40 breaths a minute becomes significant. In children 5 years
and over an acute wheezy episode with insidious onset, cough,
malaise, headache, and low-grade fever is typical of Myco-
plasma pneumoniae infection.

Pneumonia Presenting with Acute
Abdominal Pain

The surgeon should remember that pneumonia can present as
abdominal pain, particularly right lower lobe pneumonia.'s
Approximately 2.5-5% of pediatric abdominal pain is due to
pneumonia.'®” Referred pain from diaphragmatic inflamma-
tion is the usual explanation. Pneumonia should be considered

FiG. 8.1. Radiological appearance of Chlamydia trachomatis pneu-
monia in a 2-month-old child. Hyperinflation is also a common
feature
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when children with abdominal pain have an unremarkable
abdominal examination yet have a significant pyrexia. Respi-
ratory examination may be normal.

Immunocompromised Children

Children with immunocompromise from any cause, including
post transplant, undergoing chemotherapy for malignancy,
HIV infection, are susceptible to severe and life-threatening
pneumonia from both typical and atypical pathogens (see
Table 8.3). Infections may be newly acquired pathogens or
may be due to reactivation of organisms that had previously
been latent or commensal. Immunosuppressed children dete-
riorate rapidly, and early expert advice from a pediatric respi-
ratory specialist and/or immunologist is recommended. All
bacteria normally associated with community-acquired pneu-
monia should be considered as well as Gram-negative organ-
isms. Atypical organisms must also be considered including
Pneumocystis jiroveci (previously termed Pneumocystis
carinii), Aspergillus, and mycobacteria. Common causes of
viral pneumonia in the immunocompromised host include
respiratory syncytial virus (RSV), influenza, adenovirus, and
parainfluenza virus. A recent study suggests that 40% of such
pneumonias are hospital-acquired,'® and mortality rates of up
to 67% have been reported.'” More rarely varicella zoster,
measles, cytomegalovirus (CMV), and Epstein Barr virus
can cause viral pneumonitis.'”* Neutropenic patients are
particularly at risk of bacterial and fungal infections, whereas
lymphopenic patients are most susceptible to Pneumocystis
Jjiroveci and viral infections. In practice considerable overlap
occurs.?'?? Tachypnea and a fever >38.5°C are the usual pre-
senting features, although decreased oxygen saturation may
be prominent, particularly in Pneumocystis jiroveci pneumonia.
Sputum and productive cough is rarely seen in immunocom-
promised patients due to the relative leucopenia.

TaBLE 8.3. Common potential respiratory pathogens in immuno-
compromised children.

Organism Examples

Bacteria Streptococcus pneumoniae
Hemophilus influenzae
Staphylococcus aureus
Streptococcus pyogenes
Klebsiella

Pseudomonas

Respiratory syncitial virus (RSV)
Parainfluenza

Influenza

Adenovirus

Cytomegalovirus (CMV)
Measles

Herpes viruses

Chlamydia pneumoniae
Mycoplasma pneumoniae
Mycobacteria (tuberculous and nontuberculous)
Aspergillus

Candida

Pneumocystis jiroveci

Viruses

Atypicals

Fungi

97

Investigations in these children should include full blood
count to assess degree of neutropenia and lymphopenia,
blood cultures, and a chest X-ray. Serology is rarely helpful
due to the immunosuppression.'? If fungal disease is suspected
blood can be sent for candida and aspergillus antigens. Respi-
ratory secretions should be sent for viral detection and
culture, requesting parainfluenza, influenza, RSV, adenovirus,
and CMV as a minimum. The chest X-ray may show char-
acteristic appearances of a particular pathogen, for example,
bilateral perihilar infiltrates with ground-glass shadowing are
often seen with Pneumocystis jiroveci or CMV pneumonia.
(Fig. 8.2). The chest X-ray may be normal and in such cases
high-resolution chest CT (HRCT) should be considered.” In
children unresponsive to treatment or where there is diag-
nostic uncertainty bronchoalveolar lavage can be used in an
attempt to identify the causal pathogen. Ideally, this should
be performed early, as once significant respiratory compro-
mise develops bronchoscopy often precipitates the need for
mechanical ventilation.?* It is important to treat these children
with broad-spectrum antibiotics to cover both Gram-positive
and Gram-negative bacterial pneumonia.

Inhaled Ribavarin should be considered if RSV or parainflu-
enza virus infection is confirmed, although evidence of benefit
is weak."” Zanamavir and Oseltamavir have activity against
influenza A and influenza B but should be started within 48 h
of the onset of symptoms.” Aciclovir is given for varicella
zoster pneumonitis, and Ganciclovir and Foscarnet are used in
CMV pneumonitis, although both have significant toxicity."”

Pneumocystis jiroveci pneumonia presents with gradual onset
of dyspnea, cyanosis, and a dry cough. Fever is not a major fea-
ture. Auscultation of the chest is usually unremarkable. Chest
X-ray is often helpful, as described earlier. The diagnosis is

Fi1G. 8.2. Chest X-ray demonstrating features of Pneumocystis jiroveci
pneumonia with characteristic “ground-glass™ interstitial shadow-
ing. In the early stages perihilar streaky shadowing can give a “bat’s
wing” appearance
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confirmed by specific staining or polymerase chain reaction
(PCR) analysis of induced sputum or bronchoalveolar lavage
fluid.***" Treatment is with high-dose Septrin, or Pentamidine
if Septrin is not tolerated,”” and the addition of corticosteroids
should be considered if there is severe hypoxemia.®

Diagnosis of candida pneumonia is complicated by fre-
quent oropharyngeal colonization in immunocompromised
subjects. The chest X-ray and clinical findings are generally
indistinguishable from Pneumocystis jiroveci pneumonia.
High-resolution CT is helpful with a characteristic miliary-
nodular pattern, although a halo sign and cavitating lesions
may also be seen.” Treatment options include Amphotericin,
Fluconazole, or Caspofungin.*

The most common presentation of Aspergillus infection in
the immunocompromised host is invasive pulmonary asper-
gillosis (IPA).*' The presence of Aspergillus in the respira-
tory secretions of an immunocompromised individual must
be considered pathogenic until proven otherwise because this
is associated with a 50-70% risk of invasive aspergillosis.*
The chest X-ray may show patchy consolidation (Fig. 8.3).
High-resolution CT is more informative with characteristic
centrilobular nodules, a halo sign, and cavitating lesions.?*3!
Aspergillus antigen is highly specific for invasive aspergillosis
but the sensitivity of this test is poor and it often only becomes
positive after HRCT features are already apparent.* First-line
therapy is intravenous Amphotericin B, either standard or
liposomal. Amphotericin can also be nebulized as an adjunct
to the intravenous route. In patients unresponsive or allergic
to Amphotericin second-line agents including Caspofungin
and Voriconazole must be used.’' In neutropenic patients the
degree of inflammatory response around the cavitating lesions

FiG. 8.3. Classical radiological appearance of Aspergillosis in the
immunocompromised host, with diffuse patchy consolidation and
centrilobular nodules. Later in the infective process cavitation may
be seen
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increases as the neutrophil count recovers, and this may pre-
cipitate life-threatening hemorrhage. Surgical resection of
lesions that are central or adjacent to large vessels should be
considered. Mortality is high at 30-40%, and prolonged anti-
fungal therapy is required.*

Children with Sickle Cell Disease

Children with sickle cell disease are particularly susceptible
to pneumococcal, hemophilus, or salmonella infections. This
is due to functional asplenia and impaired serum opsoniz-
ing activity. The risk of invasive pneumococcal disease is
30-100 times greater than in normal children. This risk can be
reduced 3-10 fold by penicillin prophylaxis and pneumococ-
cal vaccination.® Parents of children with sickle cell disease
are advised to seek medical attention for any chest symptoms
or any temperature greater than 38.5°C. In this group there
should be a low threshold for admission to hospital for investi-
gation and intravenous broad-spectrum antibiotics.*® Lower
respiratory tract infection can precipitate an acute chest
syndrome, with chest pain, pyrexia, tachypnea and cough,
or wheeze. Hypoxemia often develops and the chest X-ray
reveals segmental consolidation.’” Acute chest syndrome can
also be precipitated by general anesthesia, surgery, fat embo-
lism following infarction within a long bone, and pulmonary
infarction. Urgent aggressive treatment with high flow oxy-
gen, broad-spectrum antibiotics, analgesia, and blood transfu-
sion, depending on the hemoglobin and percentage of sickle
hemoglobin, are necessary. Early advice from hematology
should be sought.*® Often the oxygen requirement persists for
many days, and it is very important to ensure that oxygen
saturations above 93% can be maintained before oxygen is
discontinued as these patients are at high risk of developing
pulmonary hypertension.

Postoperative Children

There is little research on the prevention and treatment of
postoperative pneumonia in children. Generally children
are at low risk of postoperative pneumonia compared with
adults. Obese children are more likely to develop pneu-
monias postoperatively due to a relative reduction in lung
volume.

Children with preexisting lung disease, however, require
special consideration. Children with cystic fibrosis require
careful preoperative assessment and may benefit from a pre-
operative course of antibiotics. Postoperatively intensive chest
physiotherapy should be performed to mobilize secretions and
reduce areas of atelectasis, and prophylactic antibiotics are
generally recommended.*

In choosing antibiotics for postoperative pneumonia, con-
sideration should be given to the possibility that unusual
organisms, for example, Gram-negative bacteria from the gas-
trointestinal tract, may be implicated.
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Unusual Organisms: Actinomycoses,
PVL producing MRSA

Actinomyces species are usually found in the oral cavity,
particularly in association with poor oral hygiene and dental
plaque. With general improvements in oral hygiene actinomy-
ces chest infections have become rare. Children who aspirate
are at increased risk. Radiological signs of consolidation and
cavitation may be present (Fig. 8.4).* Treatment involves a
prolonged course of high-dose intravenous penicillin.*
Community-acquired methicillin-resistant Staphylococ-
cus aureus (MRSA) is an emerging pathogen. Of particular
concern are strains positive for the exotoxin Panton-Valentine
leukocidin (PVL). PVL is a marker of virulence, which is
associated with rapidly progressive disseminated sepsis and
necrotizing pneumonia. Mortality rates of 75% have been
reported.*' Teenagers seem at particular risk, and there is an
association with influenza infection.* Early high-dose intrave-
nous antibiotics active against MRSA are required. Intensive
care support is often needed, and intravenous immunoglobu-
lin therapy in unresponsive cases may also have a role.*#

Children with Neurodisability

This group of children is at an increased risk of developing
pneumonia, and when pneumonia occurs the associated risks
of morbidity and mortality are higher than in neurologically
normal children. Up to three-quarters of deaths in severely
disabled children may be due to pneumonia.* The four main
factors predisposing children with neurodisability to the

F1G. 8.4. Actinomyces pneumonia in a 10-year-old child. Such
infection classically spreads across tissue planes, crossing pulmo-
nary fissures as seen here. Radiological changes are generally slow
to resolve
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development of pneumonia are recurrent aspiration, ineffec-
tive cough, impaired lung function, and immobility.

Bulbar muscle dysfunction can lead to direct aspiration
during swallowing.*® This tends to be worse with liquids
compared with solids.*’ In addition, children with neuro-
disability are prone to gastroesophageal reflux, with rates
between 32 and 75%, depending on the diagnostic criteria
used.”® Both direct aspiration and gastroesophageal reflux
independently increase the risk of pneumonia but when
they are combined there is a particularly high risk of recur-
rent and severe pneumonia, presumably due to aspiration of
stomach contents.*®

If direct aspiration is suspected clinically this may be docu-
mented using a videofluoroscopic contrast swallow, although
a negative test does not exclude it.* Interventions for direct
aspiration include thickened feeds, nasogastric tube feeding,
or gastrostomy feeding.”® Gastroesophageal reflux is usu-
ally investigated with 24-h esophageal pH monitoring and/or
barium swallow. Initial medical treatment involves feed thick-
eners, prokinetic agents, and acid suppression, but frequently
antireflux surgery is necessary.*

In neuromuscular disease coughing is often ineffective due
either to poor coordination of forced expiration and glottic
closure or to generalized muscle weakness. As a result there
is impaired clearance of lower airway secretions, which is a
particular problem when viral or bacterial lower respiratory
tract infections occur.*®

The increasing weakness of the respiratory muscles in pro-
gressive neuromuscular conditions contributes to a relentless
deterioration in lung function. Even in stable neuromuscular
conditions lung function may decline due to incremental dam-
age from recurrent pneumonias or aspiration. Lung function
measurements can be useful but they are difficult or impos-
sible in small children and children with intellectual impair-
ment. Impaired lung function increases the morbidity and
mortality of pneumonia dramatically. In some neuromuscular
diseases such as Duchenne muscular dystrophy noninvasive
ventilation may reduce respiratory morbidity and improve
survival and quality of life, although this needs to be consid-
ered very carefully.®®

Children with Tracheostomies

As these children do not have the physiological benefit of
the nasopharynx to warm, humidify, and filter inspired air,
they are at increased risk of pneumonia. The trachea may
become colonized with Staphylococcus aureus or Pseudomo-
nas aeruginosa. If isolated on routine culture from an asymp-
tomatic child with a tracheostomy, treatment is not routinely
indicated. Presentation of pneumonia in a child with a tra-
cheostomy is similar to child without a tracheostomy. How-
ever, the increased secretions require frequent tracheal
suction, and this often necessitates admission to hospital for
additional humidity.”!
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Diagnosis

Pulse Oximetry

An oxygen saturation of <93% indicates the need for supple-
mental oxygen.’> Measurement of oxygen saturation is recom-
mended for every child admitted to hospital with pneumonia.®

Acute Phase Reactants

White blood cell count, erythrocyte sedimentation rate, and
C-reactive protein are not helpful in differentiating between
bacterial and viral pneumonia.>

Blood Cultures

Although positive in only 5-10% of children with pneumo-
nia, blood cultures should be routine. They can be useful, for
example, in alerting the clinician to organisms demonstrating
antimicrobial resistance.**

Sputum Culture

Children with pneumonia rarely expectorate, so sputum
culture is often not possible. However, in children with neu-
rodisability, children with a tracheostomy, and children with
chronic respiratory conditions such as primary ciliary dyski-
nesia and cystic fibrosis, sputum culture may be extremely
helpful in identifying pathogens. There is little data regarding
the use of cough swabs or induced sputum samples in normal
nonexpectorating children with pneumonia but these tech-
niques are valuable in children with cystic fibrosis.*

Nasopharyngeal Aspirates

Detection of RSV, parainfluenza virus, influenza virus, and
adenovirus viral antigens in nasopharyngeal aspirates is
approximately 80% sensitive for infection.’ Detection of viral
antigen will not usually alter the management of the immu-
nocompetent child but is still useful for cohort isolation and
other infection control measures.®

Serology

Serology may detect a number of viral, bacterial, and atypi-
cal pathogens, but sensitivity and specificity are often poor.>*
In practice, mycoplasma serology is the most relevant. Myco-
plasma pneumonia can be difficult to diagnose and can be
associated with a number of postinfection extrapulmonary
inflammatory syndromes (see section on complications later).

Other

Any ill child with pneumonia should have their urea and elec-
trolytes measured. Inappropriate secretion of antidiuretic hor-
mone is relatively common and results in fluid retention and a
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fall in the serum sodium. Modest restriction and isotonic intra-
venous fluids may be indicated. If the initial serum sodium
level is below the normal range regular monitoring is indicated
to ensure that it corrects slowly (less than 16 mmol/24h) to
avoid damaging rapid swings in intracellular fluid volume.’

Radiology

Alveolar shadowing (consolidation) on chest X-ray is a
reliable and recognizable indicator of pneumonia in child-
hood, with 74% specificity for bacterial infection (Fig. 8.5).?
However, in the outpatient setting a randomized controlled
trial has demonstrated that chest radiography does not affect
the outcome of children with suspected lower-respiratory
tract infection.”® The indications for a chest X-ray in children
thought to have pneumonia require careful consideration.

In a Child <5 Years with Pyrexia

of Unknown Origin

Studies suggest that 25% of children less than 5 years of age
with significant pyrexia have radiographic signs of pneumonia,

even in the absence of any clinical chest signs.” A chest X-ray
may be clinically useful.

In Children Presenting with Clinical Signs
Suggestive of Parapneumonic Pleural
Effusion/Empyema

Empyema is considered in a separate chapter. Pleuritic chest
pain and/or focally reduced expansion and dullness to percussion

FiG. 8.5. Chest X-ray demonstrating classical left upper lobe pneu-
monia, without any evidence of lobar collapse
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with reduced breath sounds should alert the clinician to the pos-
sibility of an empyema, and a chest X-ray is indicated.*

In Children Admitted for Treatment of
Pneumonia Where There Is No Clinical
Improvement After 48 h antibiotic Therapy

Children remaining pyrexial or unwell 48 h after commence-
ment of antibiotic therapy may have an empyema, atypical
infection, or a complicated infection such as staphylococcal
pneumonia, and a chest X-ray is indicated.>**

As Follow-Up in Children Who Have
Had Lobar Collapse

There is a concern that bronchiectasis may be a sequel of
pneumonia when lobar collapse persists (Fig. 8.6). The evi-
dence for this is weak but it remains a common practice to
perform a follow-up film at approximately 6 weeks in such
cases.” Children with consolidation without collapse who
are asymptomatic at follow-up 6 weeks later do not require a
repeat film.°'

In Children with Any History Suggestive
of an Inhaled Foreign Body

Management of children with an inhaled foreign body is dis-
cussed in a separate chapter but the clinician must remember

\

FiG. 8.6. Radiological appearance of right middle lobe collapse,
with volume loss of right middle lobe, loss of right heart border, and
compensatory hyperinflation of right lower lobe. This child requires
radiological follow-up
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that these children can present late with symptoms and signs
of pneumonia. If a foreign body is suspected a chest X-ray
should be performed and bronchoscopy arranged.

Differential Diagnosis

Bronchiolitis

This is predominantly a disease of infancy. A low-grade
pyrexia is sometimes present. Auscultation of the chest reveals
widespread fine inspiratory crepitations often with widespread
expiratory wheeze.

Inhaled Foreign Body

This is considered in a separate chapter, but should always be
suspected with focal wheeze or diminished air entry, even in
the absence of a suggestive history.

Empyema

Pleuritic chest pain, stony dullness to percussion, diminished
air entry, or pneumonia failing to respond to treatment are
classical features of an empyema.

Management

Evidence-based guidelines for the management of com-
munity-acquired pneumonia in childhood have been pub-
lished by the British Thoracic Society.® As yet no similar
guidelines have been produced by the American Thoracic
Society.

Infants and children with mild to moderate respiratory dis-
tress can be managed safely at home with oral antibiotics.
Parents should be advised to seek medical attention if further
deterioration occurs, or if there is no improvement after 48 h
of treatment.®

Criteria for Admission

¢ Oxygen saturation < 93%

e Respiratory rate > 70 breaths per minute in an infant or >50
breaths per minute in older children

¢ Difficulty in breathing

¢ Intermittent apneas or grunting

o Inability to feed or signs of dehydration

¢ Family not able to provide appropriate observation or super-
vision

These criteria are based principally on a prospective study

performed in rural Zambia assessing risk factors for mortality

in children under 5 years of age with pneumonia." It should

be noted that presence of consolidation on chest X-ray is not a

criterion for admission by itself.®
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Monitoring

Although there is little evidence, it is recommended that
children requiring oxygen should be monitored at least four-
hourly by oximetry, heart rate, temperature, and respiratory
rate. With increasing severity of illness continuous oxygen
saturation monitoring is indicated.®

Oxygen

As mortality is increased in children with oxygen saturation
< 93%, it is recommended that supplemental oxygen is deliv-
ered to maintain saturations = 93%. Nasal cannulae are often
well tolerated up to flow rates of approximately 2L per min-
ute, equivalent to an inspired oxygen concentration of around
30-40%.%* If greater concentrations of oxygen are required a
headbox should be used in infants and a rebreathing mask in
older children. These devices can deliver an inspired oxygen
concentration up to approximately 60%. If the child is still not
maintaining satisfactory oxygen saturations an arterial blood
gas sample should be taken to measure the PaO, and transfer
to an intensive care unit arranged.*

Fluid Management

Children with pneumonia may be unable to drink adequately
due to breathlessness and are at risk of dehydration. Babies less
than 2 kg with respiratory distress are further compromised by
nasal obstruction caused by nasogastric tubes. These babies
should receive intravenous fluids.®> Pneumonia can cause
inappropriate secretion of antidiuretic hormone (SIADH).
Children requiring intravenous fluid should usually be
restricted to 80% of maintenance requirements. Isotonic intra-
venous fluids should be used, and the serum sodium should
be monitored.*®

Antipyretics

Antipyretics are recommended because fever increases insen-
sible fluid losses and also the work of breathing, particularly
in infants.*

Physiotherapy

Chest physiotherapy is not helpful in previously normal chil-
dren with pneumonia and should not be performed.**

Antibiotic Therapy

Usually when the decision is made to commence antibiotics
the causal organism is unknown but empirical treatment can
be started based on the age of the child and presenting clinical
features.®™%2% A suggested approach is presented in Table 8.4.
Children with preexisting lung disease, neurodisability, or immu-
nocompromise require a more specific approach.
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TaBLE 8.4. Approach to childhood pneumonia, based on clinical
features and age of child.®7:6>63

Clinical Chest X-ray Inpatient Outpatient
Age features features treatment treatment
Neonate Respiratory Focal con-  Intravenous Not recom-
(<4 weeks)  distress solidation broad spectrum mended
antibiotics (e.g.,
amoxicillin and
gentamicin)
5 weeks —4  Respiratory  Focal con-  Amoxicillin or ~ Amoxicillin
months distress, solidation penicillin
pyrexia
5 weeks —4  Staccato Interstitial Macrolide (e.g., Macrolide
months cough, shadowing  erythromycin) (e.g., eryth-
afebrile, romycin)
tachypnea,
conjunctivitis
5Smonths —  Focal crack-  Focal con-  Amoxicillin or ~ Amoxicillin
15 years les, tachypnea, solidation penicillin
pyrexia
5-15years  Dry cough, Interstitial ~ Macrolide (e.g., Macrolide
wheeze, shadowing  erythromycin) (e.g., eryth-
pyrexia romycin)

Antibiotic Resistance

Worldwide surveillance suggests that 10-40% of pneumococ-
cal isolates display resistance to penicillin with particularly
high rates in France, Spain, and the USA.® This resistance is
often not absolute and can be overcome with adequate drug
doses. Penicillins remain the antibiotic of choice for pneu-
mococcal infection.®® Macrolides should only be used against
suspected pneumococcal infection in children who are peni-
cillin allergic.®

Treatment failure has been described with macrolide-resis-
tant pneumococci.

If Mycoplasma pneumoniae or Chlamydia pneumoniae are
suspected, such as in children older than 5 years with fea-
tures such as dry cough, fever, wheeze, crackles, and head-
ache, macrolides should be administered.®® Erythromycin is
commonly used but this is required four times a day, which
reduces compliance. Newer macrolides such as Clarithromycin
and Azithromycin can be given twice daily or less but they are
more expensive.%%

Route of Administration

There are few studies comparing oral with parenteral antibiotic
administration for pneumonia. Two randomized controlled tri-
als suggest that oral amoxicillin is as effective as parenteral
penicillin.”®’" However, in the vomiting or severely unwell
child the parental route is more reliable and recommended.®

Duration of Antibiotic Treatment

There are no relevant studies regarding either timing of the
switch from intravenous to oral antibiotics or the total duration
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of antibiotic treatment. Generally a total of 7-10 days antibi-
otic therapy is recommended for pneumonia.®%

Criteria for Transfer to Intensive Care

e Transfer of the child to the pediatric intensive care unit
should be considered when:

e The child fails to maintain oxygen saturations of 93% or
above in 60% inspired oxygen.

e The child is shocked.

e There is clinical evidence of exhaustion with rise in pulse
and respiratory rate. The arterial pCO, may be elevated.

e There are recurrent apneas or irregular slow breathing.®

Complications

The following may occur as complications of childhood
pneumonia: empyema, lung abscess, bronchiectasis, pneu-
matoceles, syndrome of inappropriate antidiuretic hormone
(STADH), and pericarditis (see Table 8.5).% Empyema and/or
lung abscess should be suspected in any child with pneumo-
nia who remains unwell with a spiking fever 48 h after com-
mencing antibiotic treatment. Management is described in a
separate chapter. Mycoplasma pneumonia has a number of
specific potential inflammatory sequelae.

Bronchiectasis

Bronchiectasis is defined as abnormal and permanent dilata-
tion of bronchi and is thought to be caused by inflamma-
tory damage to the airway.” It is a common feature of cystic
fibrosis-related lung disease. Noncystic fibrosis bronchiectasis
has a prevalence of approximately 0.2 per 1,000 in chil-
dren, and a retrospective study suggests that approximately
30% of these cases are associated with previous pneumo-
nia in otherwise normal children.” Children with persisting
lobar collapse following pneumonia may be at particular
risk and require careful follow-up as previously described.>
Children presenting with bronchiectasis should be screened
for cystic fibrosis, primary ciliary dyskinesia, and immuno-
deficiency.”

TABLE 8.5. Complications of childhood pneumonia.

Complications of childhood pneumonia

Empyema

Lung abcess

Bronchiectasis

Pneumatoceles

Syndrome of inappropriate antidiuretic hormone

Pericarditis

Bronchiolitis obliterans

Extrapulmonary inflammatory complications following mycoplasma
pneumonia
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Pneumatoceles

Pneumatoceles are small multiple thin walled air-filled cysts
caused by alveolar and bronchiolar necrosis. They are most
commonly associated with Staphylococcus aureus pneumonia,
when they are seen in approximately 85% of cases, but can
also be observed with Haemophilus influenzae and Group A
Streptococcus pneumonia.®>™ Progression to pneumothorax
or pyopneumothorax has been described but is unusual. In
the long term, the prognosis is good with spontaneous resolu-
tion and normal lung function, although this may take several
months.”>"

SIADH

Approximately one-third of children with pneumonia develop
hyponatremia due to STADH.” This is thought to be caused
by resetting of the thoracic baroreceptors.®? The excess antidi-
uretic hormone causes fluid retention by the renal tubules
leading to dilutional hyponatremia. Hyponatremia is associ-
ated with a 60% longer hospital stay and 3.5-fold increase
in mortality.”” Fluid restriction and regular monitoring of
serum electrolytes are the mainstay of treatment. The SIADH
resolves as the pneumonia improves.

Pericarditis

This is a rare but life-threatening complication of bacterial
pneumonia, with a high mortality.” Persistent fever, muffled
heart sounds, and signs of right heart failure such as hepato-
megaly are the presenting features. Chest X-ray may show a
pericardial effusion, and echocardiogram is diagnostic. Treat-
ment includes 4-6 weeks intravenous antibiotics and pericar-
dial drainage.

Bronchiolitis Obliterans

Bronchiolitis obliterans is a poorly understood inflamma-
tory obliteration of small airways resulting in obstructive
lung disease with focal areas of air trapping. A characteristic
“mosaic” appearance is seen on HRCT (see Fig. 4.3). This
complication is particularly seen after adenovirus or myco-
plasma pneumonia, especially when contracted in infancy.”
Bronchiolitis obliterans frequently causes long-term respira-
tory impairment, and follow-up by a respiratory pediatrician
is recommended.

Extrapulmonary Inflammatory Complications
Following Mycoplasma Pneumonia

Approximately 25% of those affected by mycoplasma pneu-
monia will go on to develop extrapulmonary manifestations,
most commonly affecting the central nervous system.** Such
sequelae normally occur within 2 weeks of a Mycoplasma
pneumoniae infection and may be caused either by direct
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infectious dissemination, as evidenced by positive culture
and PCR analysis of nervous tissue or cerebrospinal fluid,
or by an immune-mediated mechanism, as suggested by
the development of autoantibodies against components of
myelin.38!

Central nervous system manifestations include encephalitis,
meningoencephalitis, aseptic meningitis, cerebellar syndrome,
cranial nerve palsies, radiculitis, and transverse myelitis.
Commonly complete resolution occurs but long-term deficits
in motor or cerebral function can occur.

The skin can be involved with erythema multiforme and
Stevens—Johnson syndrome, a combination of conjunctivitis,
stomatitis, and erythematous rash.*

In approximately 14% of cases generalized myalgia, myo-
sitis, arthralgia, or polyarthropathy is described. Less common
is cardiac involvement including pericarditis, myocarditis, and
pericardial effusion. Hemolytic anemia, renal involvement
such as glomerulonephritis, hepatitis, and pancreatitis have all
been described.®*

For the treatment of the extrapulmonary manifestations of
Mycoplasma pneumoniae specialist advice should be sought.
Generally macrolide antibiotics are recommended. Steroids
are used to treat some of the central nervous system manifes-
tations. 38

Rare and Usual Cases

When to Suspect Congenital Abnormality

The respiratory pediatrician must remain alert to the possibil-
ity that a child may have developed pneumonia as a result of
an underlying congenital abnormality (see Table 8.6). A lobar
pneumonia resistant to treatment may be the presenting fea-
ture of congenital cystic adenomatoid malformation (CCAM),
intralobar sequestration, or bronchogenic cyst.** Recurrent
pneumonia, particularly if occurring in the same lobe, sug-
gests an underlying congenital abnormality. A study defining
recurrent childhood pneumonia as two episodes of pneu-
monia within a year or three episodes in a lifetime revealed
that only 8% of children hospitalized with pneumonia suffer
recurrent infection.’* Of those who did meet the criteria for

TaBLE 8.6. Conditions to be considered when pneumonia is
either resistant to treatment or recurrent.

Potential underlying causes of recurrent or persistent pneumonia

Congenital abnormality
Congenital cystic adenomatoid malformation
Intralobar sequestration
Bronchogenic cyst
H-type trache-oesophageal fistula
Laryngeal cleft
Immunodeficiency
Cystic Fibrosis
Primary ciliary dyskinesia
Aspiration due to oropharyngeal incoordination
Congenital heart defects

Tim W.R. Lee et al.

recurrent pneumonia an underlying cause was found in 92%,
although the exact diagnostic criteria are unclear. Pneumonia
was attributed to aspiration from oropharyngeal incoordina-
tion in 48%, congenital cardiac defects in 9%, and congenital
pulmonary anomalies in 8%.% An H-type tracheesophageal
fistula or a laryngeal cleft should be considered in this group
of children.” Children with recurrent pneumonia affecting the
same lobe should, therefore, be investigated to exclude a con-
genital abnormality.

When to Consider Immunodeficiency, Cystic
Fibrosis, or Primary Ciliary Dyskinesia

Immunodeficiency should be considered when a child has
had two significant infections requiring intravenous antibiotics.
10% of children identified as having recurrent pneumonia
were found to have an immune disorder. These pneumonias
did not tend to recur in the same lobe but classically were
bilateral and interstitial.* Unusual or opportunistic pathogens
should also alert the clinician to the possibility of immune
deficiency. A careful history of previous infections should be
taken including skin infections and episodes of oral thrush.
Initial investigations include full blood count for white cell
indices, serum immunoglobulins, and functional antibodies.
More specialized immunological testing may be necessary in
consultation with an immunologist.

Cystic fibrosis classically presents with recurrent chest
infections, chronic productive cough, failure to thrive, and
loose fatty offensive stools. The diagnosis should be consid-
ered in any child who has had two episodes of pneumonia
requiring intravenous antibiotics. There may be digital club-
bing, unusual pathogens such as Pseudomonas aeruginosa
detected on sputum culture, and features of bronchiectasis
on chest X-ray. Cystic fibrosis is caused by mutations of the
gene encoding the cystic fibrosis transmembrane conductance
regulator (CFTR) protein. These mutations cause decreased
function of this protein resulting in thick viscid pulmonary
secretions and reduced clearance of bacteria. Once chronic
pulmonary infection develops progressive lung damage
occurs and life expectancy is reduced to about 45 years at
best.35 Early diagnosis of cystic fibrosis is extremely impor-
tant because intensive treatment of early infection, measures
to reduce cross-infection, and appropriate pancreatic enzyme
and nutritional support are all associated with improved out-
come.’ % The sweat test remains the gold standard for con-
firming the diagnosis of cystic fibrosis.* A sweat sodium and
chloride value of >60mmol/L is positive, between 40 and
60 mmol/L equivocal, and <40 mmol/L negative. Cystic fibro-
sis genotyping may be helpful if positive but because of the
large number of cystic fibrosis mutations a negative genotype
does not exclude cystic fibrosis.? 90% of patients with cystic
fibrosis are pancreatic insufficient, thus measurement of fecal
elastase can also be useful in equivocal cases.”

Primary ciliary dyskinesia should also be considered in
children who have had two episodes of pneumonia requiring
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intravenous antibiotics. Primary ciliary dyskinesia is caused
by abnormal structure or function of cilia and has a wide
spectrum of severity.”! In approximately 50% of cases there is
dextrocardia due to cilial dysfunction during embryogenesis.
Ciliary dysfunction in the upper respiratory tract is respon-
sible for chronic rhinosinusitis and secretory otitis media. In
the lower respiratory tract chronic productive cough, recurrent
pneumonia, and bronchiectasis can occur. Digital clubbing
may be present. Diagnosis is by cilial biopsy. Other useful
screening investigations include the saccharin test and nasal
nitric oxide measurement.”’ Diagnosis allows appropriate
treatment including daily chest physiotherapy with early and
prolonged courses of oral antibiotics for any increase in respi-
ratory symptoms. The prognosis is usually good, with near
normal life expectancy.”!

Controversies

When Is Treatment Indicated?

There is only one randomized controlled trial in children diag-
nosed with pneumonia comparing children treated with anti-
biotics with those not receiving antibiotics.”? The diagnosis of
pneumonia was based on either fine crepitations on ausculta-
tion or consolidation on chest X-ray, and children with severe
dyspnea, cyanosis, or preexisting lung disease were excluded.
Approximately half the children were diagnosed as having
viral pneumonia, principally RSV. Although outcome was
comparable between the two groups, interpretation of the study
is difficult as many of the subjects probably had bronchiolitis
rather than pneumonia. Thus, there is little evidence to support
the use of antibiotics for community-acquired pneumonia. It
is difficult to differentiate reliably between viral and bacterial
pneumonias in children either clinically or by using acute phase
reactants. The following pragmatic approach is recommended.
Preschool children (age less than 4 years) with wheeze as a
presenting feature are unlikely to have bacterial pneumonia and
should not normally require antibiotics. Children with alveolar
shadowing (consolidation) on chest X-ray have 74% specificity
for bacterial infection and should receive antibiotics. For other
children with respiratory signs, such as focal bronchial breath-
ing or crackles, there is very little direct evidence either for or
against treatment, although with these focal signs most clini-
cians would commence antibiotic therapy.®

Aspiration as an Etiological Factor

Aspiration may be due to swallowing dysfunction or gastroe-
sophageal reflux*’ and may be associated with wheeze, stridor,”
and pneumonia.®* Children with neurological disease are the
most likely to have swallowing dysfunction although it can be
seen in otherwise normal children.* Proving aspiration as the
cause of recurrent pneumonia is often difficult as the litera-
ture in the area is limited to describing association rather than
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cause, and all the relevant investigations have limitations.*
For example, normal videofluoroscopic swallow or normal
esophageal pH studies do not exclude infrequent aspiration
or gastroesophageal reflux, respectively. Gross aspiration or
gastroesophageal reflux on such studies, when associated with
recurrent respiratory exacerbations, would encourage many to
consider treatment such as gastrostomy with fundoplication.
Where doubt exists as to the contribution of aspiration to the
respiratory symptoms, a trial of nasogastric or, where gastroe-
sophageal reflux is present, nasojejunal feeds may be diagnos-
tically valuable.®

If recurrent aspiration is occurring it is important to exclude
anatomical causes such as H-type tracheoesophageal fistula,
as specific treatment of such abnormalities may be curative.*

Duration of Treatment

There are no randomized controlled trials comparing differing
total duration of antibiotic treatment or duration of intravenous
antibiotic treatment prior to switching to oral antibiotics in
the treatment of childhood pneumonia.®®> Generally children
who have commenced intravenous antibiotics for pneumonia
and who are improving can be switched to oral antibiotics at
approximately 1-2 days and total treatment duration varies
from 5 to 10 days.®

Investigations

In children who do not meet the criteria for admission to hos-
pital (see earlier) there is no indication for any investigations.
In children admitted to hospital blood cultures may be useful
and in sick children serum electrolytes should be performed
to assess for any evidence of SIADH.® Acute phase reactants
are not useful and probably overperformed.> Similarly chest
X-ray is not routinely indicated in straightforward pneumonia
and is probably overrequested.>* Pulse oximetry should be part
of the general assessment of the child at presentation and as
part of routine monitoring of children admitted to hospital.®

Prognosis and Long-Term Outcome

Bacterial pneumonia, with the exception of that caused by
PVL+ve MRSA, has an excellent outcome with complete
resolution expected in children with normal nutrition and no
underlying disease. Adenoviral pneumonia has a more guarded
prognosis, with a mortality in children under 2 years of age
of 16.7%,” and an increased risk of developing the chronic
obstructive lung disease bronchiolitis obliterans.”

Conclusions and Future Perspective

The assessment of a child with suspected pneumonia is pre-
dominantly clinical. Many children can be treated at home
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with oral antibiotics. Those who meet the criteria for hospital
admission are usually treated initially with intravenous anti-
biotics. Complications should be suspected if the child is not
improving after 48h of appropriate treatment. The clinician
should be aware that underlying conditions should be consid-
ered in children suffering two or more episodes of pneumonia
requiring hospital admission, or where there are other atypical
features.

Several aspects of pneumonia treatment require further

study, including the route of administration of antibiotics and
the duration of treatment. It will be interesting to see what
impact pneumococcal vaccination programs have on the prev-
alence of pneumonia over the next few years.

References

1.

10.

12.

13.

14.

15.

World Health Organization. The management of acute respira-
tory infections in children. Practical guidelines for outpatient
care. Geneva: WHO, 1995

. Korppi M, Kiekara O, Heiskanen-Kosma T, et al. Comparison of

radiological findings and microbial aetiology of childhood pneu-
monia. Acta Paediatr 1993; 82: 360-363

. Davies HD, Wang EE, Manson D, et al. Reliability of the chest

radiograph in the diagnosis of lower respiratory tract infections
in young children. Pediatr Infect Dis J 1996; 15: 600-604

. Rudan I, Tomaskovic L, Boschi-Pinto C, et al. Global estimate of

the incidence of clinical pneumonia among children under five
years of age. Bull World Health Organ 2004; 82: 895-903

. Enwere G, Biney E, Cheung Y, et al. Epidemiologic and clinical

characteristics of community-acquired invasive bacterial infec-
tions in children aged 2-29 months in The Gambia. Pediatr Infect
Dis J 2006; 25: 700-705

. British Thoracic Society Standards of Care Committee. Guide-

lines for the management of community acquired pneumonia in
childhood. Thorax 2002; 57 (Suppl I): i1-i24

. Stein RT, Marostica PJC. Community-acquired pneumonia. Pae-

diatr Resp Rev 2006; 7S: S136-S137

. Jokinen C, Heiskanen L, Juvonen H, et al. Incidence of commu-

nity-acquired pneumonia in the population of four municipalities
in eastern Finland. Am J Epidemiol 1993; 137: 977-988

. Korppi M, Heiskanen L, Kosma T, et al. Aetiology of commu-

nity-acquired pneumonia in children treated in hospital. Eur J
Pediatr 1993; 152: 24-30

Weigl JA, Puppe W, Belke O, et al. Population-based incidence
of severe pneumonia in children in Kiel, Germany. Clin Padiatr
2005;217: 211-219

. Smyth A, Carty H, Hart CA. Clinical predictors of hypoxaemia in

children with pneumonia. Ann Trop Paediatr 1998; 18: 31-40
Campbell H, Byass P, Lamont AC, et al. Assessment of clinical
criteria for identification of severe acute lower respiratory tract
infections in children. Lancet 1989; i: 297-299

Rudnick CM, Hoekzema GS. Neonatal herpes simplex virus
infections. Am Fam Physician 2002; 65: 1138-1142

Andersen RD. Herpes simplex virus infection of the neonatal
respiratory tract. Am J Dis Child 1987; 141: 274-276

Kanegaye JT, Harley JR. Pneumonia in unexpected locations: An
occult cause of paediatric abdominal pain. J Emerg Med 1995;
13: 773-779

. Winsey HS, Jones PF. Acute abdominal pain in childhood: Anal-

ysis of a year’s admissions. BMJ 1967; 1: 653-655

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

Tim W.R. Lee et al.

Jona JZ, Belin RP. Basilar pneumonia simulating acute appendi-
citis in children. Arch Surg 1976; 111: 552-553

Mendoza Sanchez MC, Ruiz-Contreras J, Vivanco JL, et al.
Respiratory virus infections in children with cancer or HIV
infection. J Pediatr Hematol Oncol 2006; 28: 154—159

Soldatou A, Davies EG. Respiratory virus infections in the immu-
nocompromised host. Paediatr Resp Rev 2003; 4: 193-204

Heath PT. Epidemiology and bacteriology of bacterial pneumo-
nias. Paediatr Resp Rev 2000; 1: 4-7

Pizzo PA, Rubin M, Freifeld A, et al. The child with cancer
and infection. II. Non-bacterial infections. J Pediatr 1991; 119:
845-857

Pizzo PA. Management of fever in patients with cancer and treat-
ment-induced neutropenia. N Engl J Med 1993; 328: 1323-1332
Copley SJ. Application of computed tomography in childhood
respiratory infections. Br Med Bull 2002; 61: 263-279

Labenne M, Hubert P, Gaillard JL, et al. Diagnosis of pulmonary
infections in critically ill immunocompromised children. Pediatr
Pulmonol 1997; 16 Suppl: 59-60

Johny AA, Clark A, Price N, et al. The use of zanamivir to treat
influenza A and B infection after allogeneic stem cell transplan-
tation. Bone Marrow Transplant 2002; 29: 113-115

Graham SM. Non-tuberculosis opportunistic infections and other
lung diseases in HIV-infected infants and children. Int J Tuberc
Lung Dis 2005; 9: 592-602

Huang L, Morris A, Limper AH, et al. An official ATS workshop
summary: Recent advances and future directions in pneumocys-
tis pneumonia (PCP). Proc Am Thorac Soc 2006; 3: 655-664
Briel M, Bucher HC, Boscacci R, et al. Adjunctive corticoster-
oids for Pneumocystis jiroveci pneumonia in patients with HIV-
infection. Cochrane Database Syst Rev 2006; 19: 3

Althoff Souza C, Muller NL, Marchiori E, et al. Pulmonary
invasive aspergillosis and candidiasis in immunocompromised
patients: A comparative study of the high-resolution CT findings.
J Thorac Imaging 2006; 21: 184-189

Pagano L, Caira M, Fianchi L. Pulmonary fungal infection with
yeasts and pneumocystis in patients with hematological malig-
nancy. Ann Med 2005; 37: 259-269

Pound MW, Drew RH, Perfect JR. Recent advances in the epide-
miology, prevention, diagnosis, and treatment of fungal pneumo-
nia. Curr Opin Infect Dis 2002; 15: 183-194

Perfect JR, Cox GM, Lee JY, et al. The impact of culture isolation
of Aspergillus species: A hospital-based survey of aspergillosis.
Clin Infect Dis 2001; 33: 1824—1833

Kami M, Tanaka Y, Kanda Y, et al. Computed tomographic scan
of the chest, latex agglutination test and plasma (1AE3)-beta-D-
glucan assay in early diagnosis of invasive pulmonary aspergil-
losis: A prospective study of 215 patients. Haematologica 2000;
85: 745-752

Herbrecht R, Denning DW, Patterson TF, et al. Voriconazole ver-
sus Amphotericin B for primary therapy of invasive aspergillosis.
N Engl J Med 2002; 347: 408-415

O’Brien KL, Swift AJ, Winkelstein JA, et al. Safety and immu-
nogenicity of heptavalent pneumococcal vaccine conjugated to
CRM197 among infants with sickle cell disease. Pediatrics 2000;
106: 965-972

American Academy of Pediatrics, Section on Hematology/Oncol-
ogy and Committee on Genetics. Health supervision for children
with sickle cell disease. Pediatrics 2002; 109: 526535

. Vichinsky EP, Neumayr LD, Earles AN, et al. Causes and out-

comes of the acute chest syndrome in sickle cell disease. National



8. Pneumonia

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Acute Chest Syndrome Study Group. New Engl J Med 2000;
342: 1855-1865

Weeks AM, Buckland MR. Anaesthesia for adults with cystic
fibrosis. Anaesth Intensive Care 1995; 23: 332-338

Conant EF, Wechsler RJ. Actinomycosis and nocardiosis of the
lung. J Thorac Imaging 1992; 7: 75-84

Yildiz O, Doganay M. Actinomycoses and Nocardia pulmonary
infections. Curr Opin Pulm Med 2006; 12: 228-234

Gillet Y, Issartel B, Vanhems P, et al. Association between Staph-
ylococcus aureus strains carrying gene for Panton-Valentine
leukocidin and highly lethal necrotising pneumonia in young
immunocompetent patients. Lancet 200; 359: 753-759
Hageman JC, Uyeki TM, Francis JS, et al. Severe community-
acquired pneumonia due to Staphylococcus aureus, 2003—4
influenza season. Emerg Infect Dis 2006; 12: 894-899
Gauduchon V, Cozon G, Vandenesch F, et al. Neutralization of
Staphylococcus aureus Panton-Valentine leukocidin by intravenous
immunoglobulin in vitro. J Infect Dis 2004; 189: 346-353

. Hampson FG, Hancock SW, Primhak R. Disseminated sepsis due

to a Panton-Valentine leukocidin producing strain of community
acquired methicillin resistant Staphylococcus aureus and use of intra-
venous immunoglobulin therapy. Arch Dis Child 2006; 91: 201
Plioplys AV, Kasnicka I, Lewis S, et al. Survival rates among
children with severe neurological disabilities. South Med J 1998;
91:161-172

Morton RE, Wheatley R, Minford J. Respiratory tract infections
due to direct and reflux aspiration in children with severe neuro-
disability. Dev Med Child Neurol 1999; 41: 329-334

Mirrett PL, Riski JE, Glascott J. Videofluoroscopic assessment
of dysphagia in children with severe spastic cerebral palsy. Dys-
phagia 1994; 9: 174-179

Seddon PC, Khan Y. Respiratory problems in children with neu-
rological impairment. Arch Dis Child 2003; 88: 75-78

Boesch RP, Daines C, Willging JP, et al. Advances in the diagno-
sis and management of chronic pulmonary aspiration in children.
Eur Resp J 2006; 28: 847-861

Simonds AK. Respiratory complications of the muscular dystro-
phies. Semin Respir Crit Care Med 2002; 23: 231-238

Eber E, Oberwaldner B. Tracheostomy care in the hospital. Pae-
diatr Resp Rev 2006; 7: 175-184

Poets CF. When do infants need additional inspired oxygen? A
review of the current literature. Pediatr Pulmonol 1998; 26: 424-428
Nohynek H, Valkeila E, et al. Erythrocyte sedimentation rate,
white blood cell count, and serum C-reactive protein in assess-
ing etiologic diagnosis of acute respiratory infections in children.
Pediatr Infect Dis J 1995; 6: 484-490

Coote N, McKenzie S. Diagnosis and investigation of bacterial
pneumonias. Paediatr Resp Rev 2000; 1: 8-13

Ho SA, Ball R, Morrison LJ, et al. Clinical value of obtaining spu-
tum and cough swab samples following inhaled hypertonic saline
in children with cystic fibrosis. Pediatr Pulmonol 2004; 38: 82-87
Korppi M, Heiskanen-Kosma T, Leinonen M, et al. Antigen and
antibody assays in the aetiological diagnosis of respiratory infec-
tion in children. Acta Paediatr 1993; 82: 137-141

Siragy HM. Hyponatremia, fluid-electrolyte disorders, and the
syndrome of inappropriate anti-diuretic hormone secretion: Diag-
nosis and treatment options. Endocr Pract 2006; 12: 446457
Swingler GH, Hussey GD, Zwarenstein M. Randomised con-
trolled trial of clinical outcome after chest radiograph in ambula-
tory acute lower-respiratory infections in children. Lancet 1998;
351: 404-408

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

107

Bachur R, Perry H, Harper MB. Occult pneumonias: Empiric
chest radiographs in febrile children with leukocytosis. Ann
Emerg Med 1999; 33: 166-173

Balfour-Lynn IM, Abrahamson E, Cohen G, et al., on behalf of
the Paediatric Pleural Diseases Subcommittee of the BTS Stan-
dards of Care Committee. BTS guidelines for the management of
pleural infection in children. Thorax 2005; 60 (Suppl 1): i1-i21
Gibson NA, Hollman AS, Paton JY. Value of radiological follow-
up of childhood pneumonia. BMJ 1993; 307: 1117
Russell-Taylor M. Bacterial pneumonias: Management and com-
plications. Paediatr Resp Rev 2000; 1: 14-20

Stocks J. Effect of nasogastric tubes on nasal resistance during
infancy. Arch Dis Child 1980; 55: 17-21

Levine A. Chest physical therapy for children with pneumonia. J
Am Osteopath Assoc 1978; 78: 122-125

Hale KA, Isaacs D. Antibiotics in childhood pneumonia. Paediatr
Resp Rev 2006; 7: 145-151

Low D, Pichichero ME, Schaad UB. Optimising antibacterial ther-
apy for community-acquired respiratory tract infections in children
in the era of bacterial resistance. Clin Pediatr 2004; 43: 135-151
Jacobs MR, Johnson CE. Macrolide resistance: An increasing
concern for treatment failure in children. Pediatr Infect Dis J
2003; 22(8 suppl): S131-S138

Harris JA, Kolokathis A, Campbell M, et al. Safety and efficacy
of azithromycin in the treatment of community acquired pneu-
monia in children. Pediatr Infect Dis J 1998: 17: 865-871

Block S, Hedrick J, Hammerschlag MR, et al. Mycoplasma
pnemoniae and Chlamydia pneumoniae in pediatric commu-
nity-acquired pneumonia: Comparative efficacy and safety of
clarithromycin vs. erythromycin ethylsuccinate. Pediatr Infect
Dis J 1995; 14: 471-477

Tsarouhas N, Shaw KN, Hodinka RL, et al. Effectiveness of intra-
muscular penicillin versus oral amoxicillin in the early treatment
of outpatient pediatric pneumonia. Pediatr Emerg Care 1998; 14:
338-341

Addo-Yobo E, Chisaka N, Hassan M, et al. Oral amoxicillin ver-
sus injectable penicillin for severe pneumonia in children aged
3-59 months: A randomised multicentre equivalency study. Lan-
cet 2004; 364: 1141-1148

Fall A, Spencer D. Paediatric bronchiectasis in Europe: What
now and where next? Paediatr Resp Rev 2006; 7: 268-274
Eastham KM, Fall AJ, Mitchell L, et al. The need to redefine
non-cystic fibrosis bronchiectasis in childhood. Thorax 2004; 59:
324-327

Oviawe O, Ogundipe O. Pneumatoceles associated with pneu-
monia: Incidence and clinical course in Nigerian children. Trop
Geogr Med 1985; 37: 264-269

Ceruti E, Contreras J, Neira M. Staphylococcal pneumonia in
childhood. Long term follow-up including pulmonary function
studies. Am J Dis Child 1971; 122: 386-392

Soto M, Demis T, Landau LI. Pulmonary function following staphy-
lococcal pneumonia in children. Aust Paediatr J 1983; 19: 172-174
Singhi S, Dhawan A. Frequency and significance of electrolyte
abnormalities in pneumonia. Indian Pediatr 1992; 29: 735-740
Sinzobahamvya N, Ikeogu MO. Purulent pericarditis. Arch Dis
Child 1987; 62: 696699

Castro-Rodriquez JA, Daszenies C, Garcia M, et al. Adenovirus
pneumonia in infants and factors for developing bronchiolitis oblit-
erans: A 5-year follow-up. Pediatr Pulmonol 2006; 41: 947-953
Waites KB, Talkington DFE. Mycoplasma pneumoniae and its role
as a human pathogen. Clin Microbiol Rev 2004; 17: 697-728



108

81.

82.

83.

84.

85.

86.

87.

88.

Guleria R, Nisar N, Chawia TC, et al. Mycoplasma pneumoniae
and central nervous system complications: A review. J Lab Clin
Med 2005; 146: 55-63

Carpenter TC. Corticosteroids in the treatment of severe myco-
plasma encephalitis in children. Crit Care Med 2002; 30: 925-927
Laberge JM, Puligandla P, Flageole H. Asymptomatic congenital
lung malformations. Semin Pediatr Surg 2005; 14: 16-33
Owayed AF, Campbell DM, Wang EEL. Underlying causes of
recurrent pneumonia in children. Arch Pediatr Adolesc Med
2000; 154: 190-194

FitzSimmons SC. The changing epidemiology of cystic fibrosis.
J Pediatr 1993; 122: 1-9

Frederiksen B, Koch C, Hoiby N. Antibiotic treatment at time
of initial colonisation with Pseudomonas aeruginosa postpones
chronic infection and prevents deterioration in pulmonary func-
tion in patients with cystic fibrosis. Pediatr Pulmonol 1997; 23:
330-335

Farrell PM, Kosorok MR, Rock MJ, et al. Early diagnosis of cys-
tic fibrosis through neonatal screening prevents severe malnutri-
tion and improves long term growth. Wisconsin Cystic Fibrosis
Neonatal Screening Study Group. Pediatrics 2001; 107: 1-13
Lee TWR, Brownlee KG, Denton M, et al. Reduction in preva-
lence of chronic Pseudomonas aeruginosa infection at a regional
paediatric cystic fibrosis centre. Pediatr Pulmonol 2004; 37:
104-110

89.

90.

91.

92

93.

94.

95.

96.

Tim W.R. Lee et al.

Rosenstein BJ, Cutting GR, for the Cystic Fibrosis Consensus
Panel. The diagnosis of cystic fibrosis: A consensus statement. J
Pediatr 1998; 132: 589-595

Cade A, Walters MP, McGinley N, et al. Evaluation of faecal
elastase-1 as a measure of pancreatic exocrine function in chil-
dren with cystic fibrosis. Pediatr Pulmonol 2000; 29: 172-176
Bush A, Cole P, Hariri M, et al. Primary ciliary dyskinesia: Diag-
nosis and standards of care. Eur Respir J 1998; 12: 982-988

. Friis B, Andersen P, Brenoe E et al. Antibiotic treatment of pneu-

monia and bronchiolitis. A prospective randomised study. Arch
Dis Child 1984; 59: 1038-1045

Sheikh S, Allen E, Shell R, et al. Chronic aspiration without
gastro-oesophageal reflux as a cause of chronic respiratory
symptoms in neurologically normal infants. Chest 2001; 120:
1190-1195

Berquist WE, Rachelefsky GS, Kadden M, et al. Gastro-oesoph-
ageal reflux-associated recurrent pneumonia and chronic asthma
in children. Pediatrics 1981; 68: 29-35

Videla C, Carballal G, Misirlian A, et al. Acute lower respira-
tory infections due to respiratory syncitial virus and adenovirus
amongst hospitalised children from Argentina. Clin Diagn Virol
1998; 10: 17-23

Colom AJ, Teper AM, Vollmer WM, et al. Risk factors for the
development of bronchiolitis obliterans in children with bronchi-
olitis. Thorax 2006; 61: 503-506



9

Empyema Thoracis

Dakshesh H. Parikh

Introduction

Empyema thoracis is defined as an accumulation of pus within
the pleural cavity. While the morbidity and mortality of this
condition have undoubtedly improved over recent years debate
continues regarding the nature and timing of surgical interven-
tion. The management planning and the selection of the most
appropriate treatment option require good understanding of the
empyema disease process. Moreover, the incidence of empyema
thoracis in children has increased significantly in recent years in
the western world.'” The incidence of parapneumonic effusion
and empyema is approximately 3.3 cases per 100,000 children.?
It has been estimated that 1 in every 150 children hospitalized
with pneumonia will develop an empyema.*

Historical Perspective

The natural history of empyema thoracis was described by
Hippocrates who realized that drainage could result in cure.’
He observed that death was likely “if pus that flows after
opening was mixed with blood, muddy and foul smelling.”
He also remarked that if the empyema was drained “with
knife or cautery” and the pus was “pale and white” the patient
would survive.®” The brilliant French surgeon Pare described
evacuation of infected blood from the pleural cavity in
the sixteenth century. These early physicians understood the
importance of early diagnosis and drainage to avoid mortal-
ity in this disease. Browditch® described thoracocentesis while
Wyman performed the first therapeutic pleural aspiration,
describing the method in a letter to Sir William Osler.” Com-
menting on pleural space infections, Osler later wrote “It is
sad to think of number of lives which are sacrificed annually
by the failure to recognise that empyema should be treated as
an ordinary abscess by free incision.”'® Sir William Osler him-
self underwent a rib resection and drainage of parapneumonic
empyema in his home in 1819.

Playfair modified the technique of thoracocentesis to closed
tube drainage in 1875."" Schede introduced thoracoplasty in
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1890.'* Fowler reported the first decortication in 1893 and
soon became apparent that release of the trapped lung was
a better procedure in chronic nontuberculous empyema than
thoracoplasty.'>'5 A survey carried out by the Surgeon Gen-
eral of the United States of America in 1918 concluded that
the high mortality (30%) following rib resection in acute
empyema was related to the open pneumothorax.!® This
US commission, headed by Graham, recommended closed
drainage for the management of acute empyema. This single
act reduced the mortality from empyema dramatically to
5-10%."7 In addition, it was realized that prevention of chro-
nicity by complete obliteration, sterilization of the empyema
cavity, and careful attention to the nutrition was responsible
for better results.'®

Pathogenesis and Basic Science

Etiology

The majority of empyemas in children follow acute bacterial
lobar pneumonia.' During recovery from viral infections such
as chicken pox and measles children are more susceptible to
lower respiratory tract infections and therefore empyema.
Underlying conditions such as chronic pulmonary diseases,
diabetes mellitus, long-term steroid therapy, organ transplan-
tation with associated immune suppression, and recurrent
aspiration could predispose the child to empyema.

Empyema may follow secondary infection of a traumatic
hemothorax or lung contusion.®*! Occasionally a secondary
empyema follows a penetrating injury of the chest or after
infection in the pleural space following thoracotomy. More
commonly secondary empyema in children invariably fol-
lows intrathoracic rupture of the esophagus either as a result
of a leaking anastomosis or rupture following dilatation of an
esophageal stricture.” Secondary infection of a sympathetic
effusion has been reported after acute pancreatitis and a sub-
phrenic abscess. Pneumonia and empyema have been reported
in the postoperative period in children with acute appendici-
tis. In these cases the empyema probably occurs as a result
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of reduced host resistance, postoperative pneumonia, or local
spread of infection through the diaphragm.

Infection in congenital lung abnormalities is a rare cause of
empyema in children. In tropics rupture of an amebic liver or
lung abscess may cause an infection of the pleural space.?**
Similarly, hydatid cysts may rupture into the pleural space or
get infected with secondary infection (Fig. 9.1a, b). Approxi-
mately 10% of tuberculous effusions present with secondary
bacterial infection.

FiG. 9.1. Infected hydatid cyst with empyema: Chest X-ray (a) and
CT scan with IV contrast (b) showing a large cyst with fluid level in
the left lower lobe and empyema as well as another cyst in the liver
suggesting a diagnosis of hydatid disease. The diagnosis was con-
firmed preoperatively by serology. Appropriate intravenous antihel-
mintics were administered along with antibiotics before thoracotomy
and resection of the complicated hydatid disease
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Pathogenesis

Depending on the extent of the lobar consolidation and the
rapidity with which pus accumulates within the pleural space,
respiratory compromise may or may not occur. The variabil-
ity of clinical presentations of postpneumonic empyema also
depends on virulence of the organisms, resistance offered by
the host, and the use of appropriate antibiotics and appropriate
drainage procedures. The consistency of pus in empyema may
vary with the type of bacterial infection and the host immune
response.

Rarely a large untreated empyema will drain to the surface
spontaneously, usually alongside a perforating vessel in the
second intercostal space anteriorly. This is called “empyema
necessitans’ and, if arising from the left pleural space, the swell-
ing may transmit the pulsation of the heart and great vessels — a
“pulsating empyema.” An empyema may rupture into the airway
or the pericardium. Pleural space infection has been known to
spread to the brain or bone in children. These complications
from an untreated empyema are all rare in western world
although still seen regularly in underdeveloped countries.

The pathological progression in empyema can be divided
broadly into three stages:

Stage I exudative phase
Stage II fibropurulent phase
Stage III organization phase

The empyema disease process is a continuum. The progres-
sion of the empyema disease process continues if not halted
or inappropriately managed.

Stage I:  Exudative Phase

Bacterial infection of the lung (pneumonia) causes intense
inflammation resulting in increased capillary permeabil-
ity. The proteinaceous exudate — fluid and cells — from the
inflamed visceral pleura escape into the pleural space ini-
tially resulting in a clear parapneumonic effusion. Bacterial
infection of the parapneumonic effusion leads to the exuda-
tive phase of the empyema. Chemical mediators including
vasoactive amines, vasoactive polypeptides, and products
of cascade enzyme systems activate the fibrinolytic system,
which further increase capillary permeability. Activation of
the coagulation cascade and complement system occurs.?
Lysosomal enzymes from polymorphs, cytokines released
from mesothelial cells lining the pleural space, and toxins
from bacteria all drive this inflammatory process.?® Suppura-
tive products containing inflammatory exudates, living and
dead polymorphs and bacteria, and fragments of cell and
other particulate matter accumulate in the pleural space. The
progression of disease from exudative stage to the next stage
is multifactorial; phagocytosis of bacteria by active poly-
morphonuclear neutrophils, the bacterial virulence, host’s
immunity status, and administration of intravenous antibiot-
ics in adequate doses all play part.
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Stage 1l:  Fibropurulent Phase

As the inflammatory process advances the coagulation cas-
cade is activated and fibrinolysis suppressed, favoring fibrin
deposition. Fibrin strands are deposited in the pleural cavity.
Proliferating fibroblasts intermingled with phagocytes, bacte-
ria, and fibrin form a pyogenic membrane. This membrane ini-
tially covers the parities of the thorax but subsequently fibrin
strands septate the empyema cavity and loculations form. This
defines the fibrinopurulent phase of the disease. In practice
fibrinopurulent empyema is the commonest pathological form
encountered in children. Antibiotics penetrate the empyema
cavity poorly because of the loculations and are of little use
without adequate drainage and debridement.

Stage 11l:  Organization Phase

As fibroblasts proliferate, fibrous tissue gradually replaces
fibrin. This process localizes the infection. The fibroblasts
deposit layers of fibrous tissue (rinds) on both the visceral and
parietal pleura and within the empyema cavity. The fibrous
rind encases the collapsed lung and prevents it from reexpand-
ing. Septic foci within the organized empyema contribute to
the child’s chronic ill health, failure to thrive, and poor respi-
ratory reserve. As the empyema continues to organize, the
fibrous rind thickens with further lung collapse and restriction
of chest wall movement.

The consolidated lung acts as a source of chronic infection if
allowed to remain collapsed. Delayed intervention in the orga-
nization phase will result in permanent loss of lung function
and bronchiectasis. The fibrous sheet encasing lung derives
its blood supply from surrounding tissues, which explains the
often significant blood loss and air leak from the underlying
collapsed lung during decortication.

Pneumatocele and Necrotizing Pneumonia

Occasionally, during the acute phase of staphylococcal, pneu-
mococcal pneumonia and rarely with hemophilus pneumo-
nia, necrosis and liquefaction of the lung parenchyma lead to
pneumatocele formation.””* Staphylococcus aureus pneumo-
nia is associated with a high incidence of pneumatoceles —
39% of cases in one series.”’ Joosten reported a high incidence
of staphylococcal empyema in children less than 1 year of age
and also a high incidence of pyopneumothorax.?” For unknown
reasons the incidence of necrotizing pneumonia is increasing.

Pneumatocele formation is the result of necrosis of the
lung parenchyma with cavitation in the consolidated lung (Fig.
9.2). The combination of peribronchiolar inflammation caus-
ing blockage of small airways and coughing probably also con-
tribute. However, occasionally a pneumatocele will enlarge
rapidly like a balloon. A tension pneumatocele can cause sig-
nificant respiratory compromise. Pneumatoceles are known to
rupture into the pleural space causing a tension pneumothorax
and/or a pyopneumothorax. Most pneumatoceles, however,
gradually decrease in size and resolve after 6-8 weeks follow-
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Fi1G. 9.2. Pneumatocele left lower lobe with empyema: CT scan with
IV contrast showing a cavitating lesion in the left lower lobe and
empyema. This lesion was missed on ultrasound. The pneumatocele
resolved on follow-up after three months

ing treatment of the pneumonia. Rarely pneumatoceles persist
for prolonged periods and occasionally resection is neces-
sary if there is diagnostic uncertainty. The author has resected
persistent “pneumatoceles’ in three children with recurrent infec-
tions only to find on subsequent pathological examination
that the lesions were infected cystic adenomatoid malforma-
tions (Fig. 9.3).

Extrapulmonary Complications

Extrapulmonary complications have been reported in staphy-
lococcal”” and streptococcal pneumonia with overwhelming
sepsis, especially in young and immunologically compromised
children. Convulsions, osteomyelitis, toxic shock syndrome,
disseminated intravascular coagulation, gastric hemorrhage,
thrombosis, and multiple organ failure are all known to occur.
These complications must be managed aggressively to avoid
mortality. Hyponatremia related to septicemia, inappropri-
ate ADH secretion and, more commonly, inappropriate fluid
therapy is a well-recognized complication.

Microbiology

The success with which the underlying organism causing an
empyema can be identified varies from 8 to 76%.'°***' The use
of preoperative antibiotics invariably renders the pleural fluid
sterile explaining the variability of the positive culture. Strepto-
coccus pneumoniae is the commonest organism responsible for
childhood empyema in recent publications from both the UK
and USA.3*33 Newer molecular techniques can identify pneu-
mococcus in almost 75% pleural fluid samples.*** In children
under 6 months of age and posttraumatic empyema the com-
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FiG. 9.3. Congenital lung malformation presenting with recurrent
pneumonia: (a) Chest X-ray showing consolidation with pneumato-
celes in the right lower lobe (b) convalescent CT scan compatible
with a cystic adenomatoid malformation, confirmed after a right
lower lobectomy

monest causative organism is Staphylococcus aureus.***'*° Hae-
mophilus influenzae, Streptococcus pyogenes and, less often,
Klebsiella pneumoniae, Bacteroides, and other anaerobes are
isolated from childhood empyemas. There are sporadic reports
of empyemas due to Pseudomonas aeruginosa, rare species of
Streptococci, Proteus, Salmonella, and Yersinia.”’

The bacterial profile in developing countries differs with S.
aureus being the predominant pathogen, especially during the
hot and humid months when staphylococcal skin infections are
prevalent.*® There has been a decline in culture-positive Strep-
tococcus pneumoniae, probably because of prior antibiotic
use.*® Various Gram-negative organisms (e.g., Enterobacteri-
aceae such as Klebsiella spp. and Pseudomonas aeruginosa)
are also more common than in the UK. This may be related
to protein energy malnutrition.**¥-" Tuberculous empyema
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may result from progressive pulmonary tuberculosis. It has
been reported to account for up to 6% of all empyema cases™!
worldwide although it is seldom seen in the UK.?

Fungal empyemas are rare in immunocompetent chil-
dren.*® Histoplasma infection may be related to environ-
mental exposure.* Mycoplasma is rarely associated with
empyema. Mycoplasma serology confirms the association.*
Legionella pneumophila, adenovirus, and influenza***® may
be primary agents causing pneumonia associated with a pleu-
ral effusion but the contribution of these agents to a subse-
quent empyema is probably small.

Immunodeficiency predisposes children to infection and
overwhelming sepsis. In this context consideration has to be
given to opportunistic pathogens as well as organisms recog-
nized to cause empyema. Nocardia and other rare infections
have been reported. Conversely if an unusual causative organ-
ism is encountered in an empyema, the child should be inves-
tigated for an immunodeficiency. These children are usually
malnourished and have a history of recurrent infection.

Clinical Features

Clinical History

Symptoms of pneumonia in children such as, cough, breath-
lessness, fever, malaise, fetor, and loss of appetite precede
symptoms related to the pleural collection/empyema. Younger
children tend to present early with tachypnea and fever, leth-
argy, and cough. Some children also complain of pleuritic chest
pain. Infection in the lower lobes may present with abdominal
pain. In children already on treatment for pneumonia, a spiking
fever and lack of improvement after 48 h of antibiotics may sig-
nal the presence of an effusion. A comprehensive history should
be taken including recent antibiotic therapy, previous medical
history, and contact with tuberculosis. The possibility of an
inhaled foreign body should not be forgotten in children.

Physical Examination

Almost all children with an empyema will have an intermit-
tent pyrexia, tachycardia, and an increased respiratory rate.
Some children will be cyanosed, although this may be difficult
to detect in the presence of anemia. Measurement of oxygen
saturation (SaO,) by pulse oximetry is particularly important,
with levels below 92% in room air indicating severe disease.*’
Clinical examination must include assessment of the child’s
state of hydration and a full physical examination.

Clinical signs in the thorax include decreased chest expan-
sion, stony dullness to percussion, reduced or absent breath
sounds, and scoliosis. If a large effusion is present mediastinal
shift may be detectable by tracheal deviation and displacement
of the apex beat to the opposite side although this is relatively
uncommon because the effect of the effusion is counterbal-
anced by collapse of the infected lung. Consolidation of the
underlying lung causes bronchial breathing and reduced air
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entry apparent on auscultation. Regular physical examinations
and keeping good clinical records can help a clinician monitor
child’s condition and pneumonia effectively, and help reduce
reliance on blood and radiological parameters.

Diagnosis

Investigations
Acute Phase Reactants

The white blood cell count is invariably raised in a child with
an empyema, with a neutrophilia and frequently associated
with anemia. C-reactive protein (CRP) and other inflammatory
markers such as procalcitonin are also elevated. These have
been used as markers to assess response to treatment.

Although it is commonly believed that elevated levels of
acute phase reactants such as white cell count, total neutrophil
count, CRP, ESR, and procalcitonin will distinguish bacterial
infections from viral infections of the respiratory tract several
recent prospective studies have shown this to be incorrect.®*

There is no correlation between levels of acute phase reac-
tants in acute bacterial pneumonia and empyema formation.
In addition, there is no evidence in the literature supporting
the view that trends in acute phase reactants correlate with
clinical progress, although clinical practice has shown that
serial measurements of CRP and the white cell count can be
helpful in monitoring response to treatment.

Biochemistry, Hematology, and Coagulation Studies

Routine measurement of urea and electrolytes forms part of
the assessment of the state of hydration. Hyponatremia is rela-
tively common in children with severe sepsis, and this must be
corrected preoperatively. Hyponatremia may be due to inap-
propriate ADH (SIADH) and/or hypotonic intravenous fluid
infusions (4% dextrose 0.18% saline). Correction involves
modest fluid restriction and, if intravenous fluids are neces-
sary, 5% dextrose with 0.45% saline or 0.9% saline should be
used. The serum albumin is invariably low.

Virtually all children with an empyema will be anemic.
Usually this is a normochromic normocytic anemia but occa-
sionally hemolysis occurs, particularly in association with
pneumococcal infections. The direct Coomb’s test will be
positive in these children, and specific advice from a hematol-
ogist should be sought. Occasionally abnormalities in coagu-
lation are seen in children with empyemas and it is important
to recognize this prior to surgery.

Microbiology

Blood, pleural fluid, and sputum should all be sent for culture
as a matter of routine in a child with an empyema. In an ideal
world these samples should be taken prior to the administra-
tion of antibiotics.* Microbial culture should always include
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bacterial and tuberculosis culture. A Mantoux test should be
performed if there is suspicion of tuberculosis.

A recent large retrospective study of 540 children with
community-acquired pneumonia, 153 of whom subsequently
developed an empyema, confirmed the value of these inves-
tigations. Blood cultures were positive in 15/153 (10%) of
children who developed an empyema and in 25/387 (6.4%)
of those with pneumonia alone. In a series of 76 children with
complicated parapneumonic effusions blood cultures were
positive in 22%, compared with pleural fluid that was positive
in 33% cases.*® Hardie et al. reported a series of 56 children
with pneumococcal effusions.’* Blood cultures were positive
in 10/56 cases (18%), and in 7/10 children with positive blood
cultures the pleural fluid was sterile.

Diagnostic Pleural Aspiration

Thoracocentesis is not mandatory but is recommended prior
to starting antibiotics in a child with a suspected empyema.
Pleural fluid should be sent for urgent microscopy, Gram
stain, culture, and differential cell count. Cytological exami-
nation of the pleural fluid in an empyema classically shows
a predominance of polymorphonuclear leukocytes. A lym-
phocytic preponderance should raise the possibility of either
tuberculosis or malignancy® although it is important to note
that in at least 10% of tuberculous effusions there is a neutro-
phil preponderance. Most malignant effusions in children are
blood stained although cytological examination of the pleural
fluid may not show malignant cells.”’

On many occasions pleural fluid is sterile because of prior
antibiotic administration.®® A diagnostic tap will be unsuc-
cessful if the parietal peel is very thick or the pus particularly
viscid. In the event of a failed diagnostic tap, it is mandatory
to evaluate all clinical and radiological evidence of empyema
thoroughly before undertaking definitive management.

Sophisticated laboratory analysis may reveal causative organ-
isms when conventional culture fails. Latex agglutination tests
are available for detection of pneumococcal antigens.* Poly-
merase chain reaction techniques are available for the detection
of pneumococcal DNA33 and mycobacterial DNA.>

Routine biochemical analysis of the pleural fluid is unnec-
essary and does not contribute to the management of empy-
ema in childhood. Pleural fluid taken from children with an
empyema shows a glucose concentration < 2.2 mMol/L, pH <
7.2, LDH > 1,000I/dL, protein > 25 g/L, and a specific grav-
ity > 1.018. Pleural fluid from a child with a sterile clear or
sympathetic effusion will show a pH > 7.2 and a glucose con-
centration > 2.2 mMol/L.

Radiology

First radiological investigation is usually a plain chest X-ray.
Pneumonic consolidation will be seen. The appearance of a
pleural effusion is signaled by a fluid meniscus. As the effusion
enlarges mediastinal shift is rare (Fig. 9.4a). A lung abscess,
pneumatoceles, and a pyopneumothorax (Figs. 9.5 and 9.6)
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F1G. 9.4. Empyema: (a) Plain chest X-ray showing meniscus sign and
consolidation with little or no mediastinal shift, which would sug-
gest consolidation rather than collapse related to pleural effusion. (b)
Ultrasound showing loculations and septa with the pleural effusion
containing debris suggestive of empyema

are all visible on a chest X-ray. The plain X-ray cannot dif-
ferentiate an empyema from a tumor. A pulmonary blastoma
is commonly mistaken for an empyema as the clinical pre-
sentation and some of the radiological features are similar.®*!
Therefore, the plain chest radiograph especially in the fibrin-
opurulent and organization phases of an empyema is sugges-
tive but not diagnostic of empyema.
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FI1G. 9.5. Pyopneumothorax: (a) Chest X-ray showing a fluid level in
the pleural collection. (b) CT scan with IV contrast showing a rup-
ture of a pneumatocele as a cause of a bronchopleural fistula

Ultrasonography is particularly valuable for imaging the
child with a suspected empyema. Ultrasound is portable
and thereby available for immediate bedside examination of
critically ill children. Fluid in the pleural space is easy to
identify. Ultrasound is most useful to determine whether an
effusion is loculated (Fig. 9.4b).®> Although an impression
of the density and echogenicity of the pleural fluid can be
gained from ultrasound this does not correlate well with the
pathological stage of the empyema.®* Akhan et al. reported a
characteristic appearance of tuberculous effusions on ultra-
sound, noting the presence of diffuse small nodules on the
pleural surface.®

Ultrasound may be used to guide chest drain insertion or
thoracocentesis. The optimum site for drainage or aspiration
can be marked on the skin by the radiologist.®% The key lim-
iting factors of sonographic evaluation of the chest are based
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FI1G. 9.6. (a) Chest X-ray showing consolidated lung, a cavity contain-
ing fluid level (an abscess) and empyema. (b) Follow-up chest X-ray
showing complete resolution of the cavity. The management consisted
of empyema debridement and drainage without resection of the cavity

on the physical limitations of the ultrasound beam. As the
intercostal spaces narrow, the value of ultrasound becomes
limited.®” Occasionally, homogenous solid lesions are mistaken
for fluid collections on sonography.

Computed tomography (CT) with intravenous (IV) con-
trast complements ultrasonography for imaging children
with complicated pneumonia.’”%® Parenchymal lung pathol-
ogy can be identified clearly. CT with IV contrast distin-
guishes the rare lung tumors presenting as empyema in
childhood as well as identifying mediastinal pathology.®!
Thickened pleural rind, consolidated lung, and associated
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lung pathology, such as a lung abscess, are all clearly vis-
ible on CT®%7 (Fig. 9.5b). An empyema associated with
lung necrosis, pneumatoceles, or a lung abscess invariably
takes a more protracted postoperative course than a simple
empyema. Furthermore, the presence of underlying lung
pathology will require prolonged follow-up and monitoring.
While unnecessary for most cases of pediatric empyema, CT
undoubtedly has a role in complicated cases (including ini-
tial failure to aspirate pleural fluid and failing medical man-
agement) and in immunocompromised children.

Bronchoscopy

Routine bronchoscopy is unnecessary unless a foreign body
is suspected. Bronchoalveolar lavage may be useful in identi-
fying the infective organism but it is considered unnecessary
when pleural fluid is available for culture.

Differential Diagnosis

Intrathoracic Tumors Presenting as Empyema

Thoracic tumors presenting as an empyema appear in litera-
ture as case reports.®®’'”’> Initial clinical, biochemical, and
radiological findings in all these cases were consistent with a
diagnosis of empyema. Although diagnostic pleural aspiration
and cytology is not routinely performed in children, if a high
lymphocyte count is found underlying malignancy should be
suspected and investigated. Most malignant effusions in children
are blood stained although it is uncommon for malignant cells
to be identified on cytology.

The author reported a series of eight children with intratho-
racic tumors mimicking empyema.®* Ultrasound was per-
formed in four children but failed to identify the presence of
intrathoracic tumor in all. Preoperative CT scans without IV
contrast were misleading and failed to identify the underlying
pathology. Four children underwent thoracotomy for debri-
dement of the empyema, with substantial blood loss in two
cases. A third child, with a pleuropulmonary blastoma, devel-
oped a tumor implantation nodule at the site of thoracotomy
incision necessitating excision of the chest wall with residual
tumor in the left lower lobe. In the remaining four cases CT
scans with IV contrast correctly identified the intrathoracic
tumors preoperatively.

It is possible that in spite of careful preoperative evaluation
intrathoracic tumors will occasionally be diagnosed only at the
time of emergency thoracotomy. In this situation the surgeon
should take a biopsy and then achieve hemostasis before clo-
sure. Although incidence of tumors presenting as empyema is
thought to be low, the eight children we reported represented
5.3% of all empyemas presenting to us during that period.

In the pediatric population pleuropulmonary blastoma,
benign cystic teratoma (Fig. 9.7), primitive neuroectodermal
tumors and lymphomas have all been mistaken for empy-
emas.*""”
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F1G. 9.7. Infected cystic mediastinal teratoma with effusion: (a) Chest
X-ray showing signs of pleural collection, ultrasound confirmed pleural
collection but failed to identify mediastinal pathology (b) CT scan with
IV contrast showing the mediastinal pathology which was resected and
the empyema was drained. The CT scan prompted an open thoracotomy
approach rather than VATS debridement of the empyema alone.

Clinical vigilance and careful preoperative evaluation are
necessary. A nonresolving empyema, blood-stained pleural
effusion, and pleural fluid with a raised lymphocyte count and a
very large pleural effusion are all potentially suspicious where
a preoperative CT scan with IV contrast is recommended.

Management

The cardinal principles of empyema management are admin-
istration of appropriate intravenous antibiotics in combination
with adequate drainage to achieve full expansion of the lung.
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Medical Management

e Optimum perioperative medical management should be an
integral component of a successful management strategy of
childhood empyema.

Early recognition and treatment of lobar pneumonia in children
reduces the incidence of empyema. Lack of clinical improve-
ment after 48h suggests that either the choice of antibiotic
is inappropriate or that there is an associated empyema. The
chest radiograph should be repeated, and if there is any suspi-
cion of an effusion an ultrasound examination is requested.

Small sympathetic effusions are commonly associated with
acute lobar pneumonia, and these usually resolve with antibi-
otics alone.

Supportive medical therapy is essential. This includes oxygen,
fluids/nutrition, analgesia, and respiratory physiotherapy. Humid-
ified oxygen should be administered to maintain oxygen satu-
rations above 95%. Isotonic intravenous fluids should be given
to correct dehydration and electrolyte imbalances. Antipyretics
and analgesics should be given regularly. Children who fail to
improve clinically and radiologically should be referred to a cen-
ter with expertise in surgery of empyema drainage procedures.

Antibiotics

Response to antibiotics is dependant upon the pathogen
involved, the stage of empyema, and the immune status of the
child. In the early exudative stage high concentrations of anti-
biotics alone may be effective treatment whereas antibiotics
are unlikely to be effective in more advanced disease without
surgical intervention.” Unless a pathogen with known sensitiv-
ity to antibiotics has been isolated first-line treatment with high
doses of a cephalosporin is recommended. In the authors’ insti-
tution first-line treatment comprises IV cefuroxime at 50 mg/
kg doses three times daily. In the event of impaired renal func-
tion reduced doses are recommended. Recommendations for
antibiotic therapy for childhood empyema are not evidence
based but based on local patterns of bacterial resistance. Other
antibiotics such as flucloxacillin, amoxycillin, gentamicin, and
meropenem may be necessary depending on the sensitivity of
organisms isolated from blood or pleural aspirate culture.

Occasionally despite adequate drainage sepsis continues.
This is usually related to necrotizing pneumonia or occasion-
ally to a distant septic focus. In these circumstances, clin-
damycin or rifampicin may be useful to manage infection with
Gram-positive organisms. In these complex empyemas it is
usually necessary to give combination therapy with more than
one antibiotic. Advice from microbiology is essential.

Pleural Aspiration

Parapneumonic effusions can be drained with either by
repeated thoracocentesis or by closed tube thoracostomy.
Repeated aspiration is not a satisfactory option in children as
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it is painful and requires considerable cooperation from the
patient. Closed chest drainage is the preferred option.
Traditionally this involves insertion of a 16-20F chest
drain through the fifth intercostal space between the anterior
and mid-axillary lines under either local or general anesthesia.
Practice is changing in many centers in favor of small-bore
tubes or pigtail catheters placed under ultrasound guidance.

Surgical Management

e The goal of surgery is to achieve full expansion of the lung
and resolution of the empyema.

o Early surgical intervention in childhood empyema reduces
morbidity.

e Treatment failure should be recognized early to avoid dis-
ease progression.

Surgical practice for the management of childhood empyema
varies around the world. The principal problem, however, is
establishing the pathological stage of the empyema preopera-
tively. By the time the child arrives in the hands of a surgeon
it is safe to assume that the empyema is in the fibrinopurulent
phase even if the pus aspirated is not thick. Effective drain-
age with lung expansion in this phase is imperative to reduce
morbidity and progression of the disease to the organization
phase.

A large meta-analysis of literature search from 1984 to
2004 by Avinsino et al. concluded that primary operative ther-
apy is associated with reductions in mortality, reintervention
rate, length of hospital stay, time with tube thoracostomy, and
duration of antibiotic therapy, compared with nonoperative
treatment.”

Intercostal Tube Drainage and Fibrinolytics

Closed intercostal tube insertion with administration of IV anti-
biotics may be successful in early stage empyemas and in some
later stage cases if loculation is minitmal. Some authors advo-
cate intrapleural fibrinolytic therapy>® to improve drainage.

It is important to recognize when conservative therapy is fail-
ing to reduce the morbidity associated with delayed referral for
surgery. Persistent sepsis with a pleural collection after a maxi-
mum of 7 days conservative management is an absolute indi-
cation for surgical referral.”® Seven days is an arbitrary period
chosen to acknowledge different rates of disease progression
yet provide a clear limit on the duration of medical therapy.

The author recommends pediatricians managing empyemas
in peripheral hospitals to seek surgical advice after 3 days of
intrapleural fibrinolytics if there is continuing pyrexia and a
persisting pleural collection.

There are conflicting studies in the literature concerning
the use of intrapleural fibrinolytics. It must be emphasized
that the use of fibrinolytics is an adjunct to improve drainage,
which should not change the underlying principles of empy-
ema management.
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Technique: Intercostal Chest Tube Drainage

Intercostal chest tubes in young children are best inserted
under general anesthesia by a pediatric surgeon using an open
technique. In some centers pigtail catheters or small-bore
catheters are inserted using the Seldinger technique by respi-
ratory physicians or interventional radiologists using intrave-
nous sedation and local anesthesia.

Informed consent must be obtained. The procedure should
be explained to the child. The operating surgeon must ensure
that the chest radiographs are available to confirm the diagno-
sis and the side of the empyema.

If conscious I'V sedation and local anesthesia is to be used then
it is helpful to apply topical anesthetic (EMLA® or Ametop®) to
the skin 1-2h prior to the procedure. The safety of the child is
paramount and this necessitates that the person administering
the sedation should be competent in airway management and
resuscitation of children. General anesthesia is safer than intra-
venous sedation in a child with respiratory compromise and cer-
tainly this is the preferred option for noncooperative children.

Chest drains should be inserted using an aseptic technique.
Whether conscious sedation or general anesthesia is used,
local anesthetic should be instilled to minimize postoperative
discomfort. Plain bupivacaine 0.25% to a maximum dose of
2mg/kg (0.8 ml/kg) can be infiltrated into the skin and deeper
layers or, alternatively, used for intercostal nerve blocks.

In some centers ultrasound is used to mark the optimum site
(location of the pleural fluid) for chest drain insertion. If this
technique is used it is important to document patient position
when the spot is being marked.”3° Catheter placement using
CT guidance has been recommended for difficult cases.®3

The safest site for an open method of intercostal chest drain
is the fifth intercostal space between the anterior and mid-axil-
lary lines. This region is termed the “safe triangle.”*® The safe
triangle is outlined by the anterior border of the latissimus dorsi
muscle, the lateral border of the pectoralis major muscle, and a
horizontal line at the level of the nipple. This region minimizes
the risk to underlying structures, avoids damage to muscle,
breast tissue, and an unsightly scar. A more posterior position
is uncomfortable and risks the drain kinking. A more anterior
position risks inadvertent laceration of an intercostal artery.

The skin should be incised and a track dissected down to
the pleura on the upper border of the rib using an artery for-
ceps. This track should be developed to allow direct inser-
tion of the chest drain without force. Forceful insertion of a
chest tube or use of an introducer risks damaging intratho-
racic organs with potentially fatal consequences and should be
avoided. The drain must be well secured after insertion to pre-
vent inadvertent displacement. This involves a heavy-gauge
nonabsorbable suture placed through the skin and tied tightly
repeatedly around the drain. An airtight occlusive dressing
should be applied. A purse-string suture is unnecessary. Spe-
cial dressings and fixation devices are available to hold small
pigtail catheters in place instead of a conventional suture (e.g.,
Drain-Fix®, Maersk Medical Ltd, Stonehouse UK).
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The pleural effusion should start to drain immediately
after successful insertion of a chest tube. The chest drain
should be connected to an underwater seal of approximately
1-2cm in a bottle, which must be kept below the level of the
patient’s chest at all times. The air/water meniscus will swing
with respiration. Continuous bubbling of air indicates either
a bronchopleural fistula or that one of the chest tube holes
has slipped out of the patient and is open to the atmosphere.
A chest radiograph should be taken after insertion of a chest
drain to confirm the tube position and to ensure that an inad-
vertent pneumothorax has not developed.

There is controversy about the size of chest drains used to
treat childhood empyema. Many pediatricians now prefer small-
bore catheters, as adult studies have shown that they as effective
as larger catheters.®” Smaller catheters are generally better tol-
erated.®® Surgeons generally continue to use large-bore drains
out of concern that smaller tubes will block with thick pus.®!
Pierrepoint has shown that ultrasonographically guided small
pigtail catheters can be effective for treatment of early loculated
empyemas.®! Thomson et al. also used small-bore catheters suc-
cessfully in a multicenter trial with fibrinolytics.®

Low-pressure suction (5—10mm of water) is often recom-
mended especially if small bore catheters are used. Suction
seems to be helpful when used in combination with small-
bore chest tubes and fibrinolytic agents. However, there is no
incontrovertible evidence that suction confers any benefit over
simple closed drainage as most studies are observational only.%
A bubbling chest drain implies a bronchopleural fistula. If this
is associated with a residual pneumothorax then low-pressure
suction should be applied because once the lung reexpands fully
the leak may seal. Under no circumstances should a bubbling
chest drain be clamped as the continued air leak will lead to a
potentially fatal tension pneumothorax within a short while.

Ward Instructions for Management of Chest Drains

1. Specially trained nursing staff should manage patients
with chest drains.

2. Underwater seal bottle should be kept upright and below
the level of the chest at all times. The drain bottle should
contain adequate water to cover the end of the tube by at
least 1-2 cm below water.

3. Daily records must be kept of the volume of fluid drained
along with temperature, pulse, and fluid balance charts.
The presence of respiratory swing in the chest drain
should be noted along with any bubbling on coughing.

4. Medical personnel giving instructions for chest drain
clamping should record this in writing in case notes. Note:

e Bubbling chest drains should never be clamped.

e If chest pain or breathlessness develops the chest drain
should be unclamped immediately.

5. Parents and patients should be encouraged to look after
the chest tube and underwater seal bottles so that all
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connections and tapes attaching the drain to the patient
are secure at all times.

6. Blockage or kinking of the tubing should be suspected if
the drain suddenly stops draining. Obstruction from fibrin
or clots can be cleared by carefully flushing the drain
with 10-15ml of normal saline and a bladder syringe. In
presence of persisting pleural collection a blocked drain
that cannot be rescued should be removed or replaced.

7. The chest tube should be removed using one of the fol-
lowing techniques. Older children can be asked to per-
form a Valsalva’s maneuver while the drain is removed.
In younger children the drain should be removed as rap-
idly as possible during expiration. A sterile occlusive
dressing should be applied to the drain wound and left
undisturbed for 48 h.

8. A chest radiograph should be taken shortly after drain
removal to ensure that a pneumothorax has not developed.

If a very large pleural effusion is to be drained the drain
should be clamped for 1h after approximately 10ml/kg of
fluid is removed to avoid reexpansion pulmonary edema.’>*

A chest drain should be removed once the lung is fully
expanded and drainage is less than 30 ml per day of clear fluid.
Improvement in the general condition of the child, resolution
of fever, and decreasing volumes of serous drainage from the
chest tube are generally good signs encouraging removal of
the chest drain. It is not necessary to wait for complete ces-
sation of drainage. Cessation of drainage associated with
continuing fever and malaise indicates continuing sepsis and
an inadequately treated empyema.

Intrapleural Fibrinolytic Agents

Insertion of an ultrasound guided pigtail catheter combined
with instillation of fibrinolytic agents such as urokinase into
the pleural space has shown to dissolve fibrinous material
and achieve effective drainage of an empyema in some stud-
ies.’”™® Tillett and Sherry were the first to suggest enzyme
instillation for the management of empyema in 1949. Intra-
pleural fibrinolytics have been used in an attempt to reduce
the need for surgery in empyema and as an adjunct to thora-
coscopic drainage.

Three agents are commonly used for intrapleural instilla-
tion — streptokinase, urokinase, and Alteplase (tissue-type
plasminogen activator). Although there is no evidence to sug-
gest which of these agents is most effective, only urokinase
and Alteplase have been the subject of a randomized trial in
children.*®%* Studies comparing urokinase and streptokinase in
adults suggested that both were equally effective.”>® Strepto-
kinase is now rarely used for intrapleural fibrinolysis because
of the risk of severe allergic reactions. Urokinase is both non-
pyrogenic and nonallergenic and has become the enzyme of
the choice for fibrinolysis.
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Urokinase Treatment Schedule (UK Pediatric study®)

¢ Forty-thousand units in 40 ml of normal saline instilled
twice daily for 3 days for children >10-kg weight

e Ten-thousand units in 10 ml of saline instilled twice daily
for 3 days for children <10-kg weight

o Intercostal tube clamped for 4 h after instillation

e Response to treatment is assessed after six doses (3 days)
using clinical, CRP, and radiological parameters

Higher doses of urokinase 25,000-100,000 (mean 3,100 u/kg/
day) were used once daily with a 1-h dwell time by Wells.**
Alteplase was used in a dose of 0.1 mg/kg once daily with a
1-h dwell time.”* These regimens appear effective and safe.
Minor side effects reported in the two largest pediatric studies
include discomfort during intrapleural injection and transient
blood staining of the drainage fluid.*** Intrapleural bupi-
vacaine can be given with the urokinase if the instillation is
uncomfortable. Significant bleeding has been mentioned in
case reports after the use of urokinase.””%

Seven pediatric studies exist reporting a total of 136 cases
treated with streptokinase, urokinase, or Alteplase.”*'%4
These studies report an overall 90% success rate in avoiding
the need for surgery. Thomson in a multicenter randomized
placebo-controlled trial reported 60 children with a median
age 3.3 years (range 5 months to 15 years) who were ran-
domized to receive either urokinase or saline.”® The primary
outcome measure was length of hospital stay, and this was
significantly reduced in the group treated with urokinase (7.39
vs. 9.49 days; ratio of geometric means — 1.28, CI — 1.16—
1.41, p = 0.027). Although evidence from this trial and other
small sample trials has favored the use of urokinase in child-
hood empyema and has shown benefits in terms of hospital
stay, time to defervescence, improvement in chest radiograph,
and requirement for surgery, these trials have been criticized
because the improved results of fibrinolytics were not consis-
tent across the studies.

These studies also have low statistical power and were unable
to quantify the need for surgery after fibrinolytic therapy. In a
previous review of the Cochrane database by Coote (2002) it
was suggested that primary video-assisted thoracoscopic surgi-
cal (VATS) drainage had a significantly higher success rate with
shorter duration of hospital stay compared with patients man-
aged with chest tube drainage with streptokinase. A recently
published large double-blind randomized trial of intrapleu-
ral streptokinase in adults concluded that fibrinolysis did not
improve mortality, the need for surgical drainage, the length
of the hospital stay, or outcome in terms of lung function.'®
This study concluded that intrapleural fibrinolytics conferred
no advantage over conventional drainage in the management
of empyema. The accompanying editorial to this study com-
mented that neither ultrasound nor CT studies were assessed
at the time of enrollment, nor was there any uniformity in anti-
biotic therapy, raising the possibility that the study population
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was heterogeneous, obscuring the possibility that fibrinolyt-
ics might benefit for early stage empyemas.'® Moreover, the
results of clinical studies involving adults may not be directly
comparable with children because comorbidity is considerably
less common and preillness lung function is generally normal.

Early Surgery

Early definitive surgical intervention is highly effective in
childhood empyema.

Unfortunately it is extremely difficult to predict which chil-
dren will respond to simpler measures and avoid the need for a
thoracotomy. Adult guidelines recommend surgical treatment
if there is persistent sepsis associated with a pleural collection
despite I'V antibiotics, chest tube drainage, and fibrinolytics for
7 days.>® Case studies and retrospective reviews comparing dif-
ferent treatment strategies inevitably make comparisons with
historical controls.”® The conclusions from these studies depend
largely on surgical expertise and local referral practices.

A retrospective study by Hillard et al. compared length of
stay according to therapy in 48 children with empyema over
3-year period. Surgery was necessary in 3/8 children treated
with chest drainage alone, and 2/14 in the group receiving
fibrinolytics. Overall hospital stay was shorter for children
undergoing surgery as the initial treatment.!”” Doski et al.
reviewed 139 children with empyema comparing primary
chest tube drainage with fibrinolytics and delayed thoraco-
tomy/VATS for unresolved cases with primary early VATS
debridement.!% This study suggested that early definitive sur-
gery was associated with a shorter hospital stay. Other studies
have compared historic data with recent changes of practice
to prove the point that early surgery was beneficial. Early tho-
racotomy and debridement produces good postoperative lung
expansion in almost all cases.!®!1°

Minithoracotomy and Debridement

Open drainage by minithoracotomy to break down and deb-
ride fibrinous septa is highly effective, achieving full lung
expansion more reliably than any other method of treatment.'!"
Muscle sparing confers additional benefits in terms of reduced
pain and shorter recovery. Thoracotomy and evacuation of the
fibrinous coagulum and pyogenic material after breaking down
loculations has been described incorrectly in the literature as
early decortication.’>!'2 This actually describes debridement
of an empyema. Decortication involves sharp dissection to
excise the thickened parietal and visceral pleura, which sur-
round and encase the lung.

Minithoracotomy has effectively drained empyema purulent
material under vision leading to a rapid expansion of lung.!'* In
earlier years thoracotomy was performed in cases where chest
tube drainage had failed to expand the lung and the child had
persistent intrapleural collection and lack of clinical improve-
ment.'"* Nowadays, VATS or thoracotomy is used as a thera-
peutic option for the failed cases of the chest tube drainage or
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urokinase therapy.''" Open thoracotomy results in significant
postoperative pain and inevitably leaves behind a scar causing
rib crowding and subsequent chest deformity and scoliosis.

Technique of Minithoracotomy and Debridement

The anesthetised child is placed in a lateral decubitus position.
An incision is made along the fifth or sixth intercostal space
from posterior axillary line to anterior axillary line. A muscle
cutting approach involves cutting through both latissimus
dorsi and serratus anterior muscles in the line of the incision.
A muscle-sparing incision involves mobilization of the latis-
simus dorsi muscle from its anterior margin, retracting it pos-
teriorly, and then either splitting the serratus anterior between
digitations or reflection of the lower digitations after detaching
them from the chest wall, which is preferred. Muscle-sparing
incisions are believed to be less painful. The thorax can then
be opened through an intercostal space or after subperiosteal
resection of a segment of rib. Debridement is carried out and
all the purulent material is evacuated under direct vision. The
collapsed lung is seen to expand before the thoracotomy is
closed. One of two chest drains are placed before closure and
connected to an underwater seal.

Video-Assisted Thoracic Surgery (VATS)
Debridement

With the advent of video-assisted techniques, many sur-
geons are challenging the traditional approaches to empyema
management in children. Kehr and Rodgerson were the first
to describe thoracoscopic drainage in children. VATS tech-
niques offer advantages in terms of accurate disease staging
and debridement of the fibrinous pleural disease, separating
the loculi under vision.'” The technique is less invasive than
thoracotomy yet in experienced hands as effective and safe.
There have been no comparative trials in children to suggest
that early surgery is superior to drainage and fibrinolytics. A
small study included in the Cochrane review, randomized 20
patients with empyema to receive intrapleural streptokinase
for 3 days via a chest drain with immediate VATS. The surgi-
cal group had a high treatment success rate 10/11. Five of nine
patients who failed to respond to streptokinase therapy were
salvaged by VATS. The VATS patients required chest drainage
for shorter periods and had shorter hospital stays.''® However,
this study can be criticized based on small sample size and an
unusually high failure rate following fibrinolysis.

Proponents of early endoscopic surgery claim that if gen-
eral anesthesia is used for insertion of a chest drain then the
procedure should be combined with VATS.!'"” Early VATS
has been shown to benefit lung reexpansion and improve
the drainage of the empyema.''”"" Loculi can be separated
allowing thick pus to drain effectively.!®!5120-122 Many
series have shown reduced postoperative pain, shorter hospi-
tal stay, and better cosmetic results when VATS is compared
with conventional thoracotomy.'®!20:12312¢ Unfortunately
VATS is difficult in children when first-line management
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with fibrinolytics has failed,' and it is not suitable for
advanced empyemas.'®!"8 Several studies comparing con-
ventional thoracotomy and VATS debridement!!>!?>126 have
favored VATS approach claiming reduced duration of hos-
pital stay, reduced blood loss, less discomfort, and reduced
chest drainage. However, Goldschlager’s study showed no
difference in length of postoperative chest drainage or hos-
pital stay. Although most studies are retrospective contain-
ing small number, VATS has proven effective, with minimal
complications, and was well tolerated.

Thoracoscopy requires expertise and a well-trained operat-
ing team familiar with the equipment. In the presence of a
thick pyogenic membrane covering the visceral and parietal
pleura, the likelihood of damaging the inflamed lung while
removing the pyogenic membrane is high. Conversion to open
thoracotomy is necessary when access to the pleural cavity
proves impossible because of a thick pyogenic rind or if there
is excessive bleeding. Minithoracotomy and debridement or
decortication in these instances is safer and curative.''*!27128

Technique of VATS Debridement

VATS is performed under general anesthesia with a single
lumen endotracheal tube in majority of cases. Selective endo-
bronchial intubation, or the use of bronchial blocker in young
children where double lumen tubes are not available, may be
useful in selected cases to avoid contamination of the con-
tralateral lung. The child is placed in a lateral decubitus posi-
tion with the involved side upward. The best site for trocar
placement is determined by needle aspiration of pleural fluid.
Firstly a 5-mm port is inserted under direct vision in order
to avoid damage to the inflamed lung. This port is usually
inserted in the fifth or sixth intercostal space in the posterior
axillary line. Creation of a working space is essential. A 0° or
30° telescope is used for visualization. Liquid pus is aspirated
before insufflation with CO, at 5-8 mmHg pressure. Carbon
dioxide insufflation is not mandatory throughout the length of
the procedure because the lung will often collapse sufficiently
to allow visualization of the empyema cavity. A second port
for instrumentation is placed under thoracoscopic visualiza-
tion. Two ports are usually sufficient if debridement is per-
formed early.

The empyema cavity is irrigated with warm saline, and
pyogenic material is gently removed either with the suction
aspirator or with the help of Yohan’s or equivalent atraumatic
forceps. Pleural debris should be sent for culture. The entire
pleural cavity can be debrided effectively under vision. In
majority of cases the lung starts to reexpand at this stage of
operation. All surfaces of the lung, including the fissures,
should be inspected, and a chest drain is left in place through
one of the port sites. Local anesthetic is infiltrated around the
port sites or used for intercostal nerve blocks.

Most children can be managed safely on a pediatric sur-
gical ward postoperatively with nurse- or patient-controlled
analgesia. The chest X-ray is repeated the following day to
confirm lung expansion and assess the extent of lung con-
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solidation. Fibrinolytics may be helpful in the postoperative
period after thoracoscopic debridement if lung expansion is
incomplete. This is especially useful when the surgeon is in
the learning phase of thoracoscopic debridement or if debri-
dement is known to be incomplete. The chest drain should
remain in place until the losses reduce to less than 30 ml/day
and become clear. The child is kept in hospital on intravenous
antibiotics until afebrile for at least 24 h. A further chest X-ray
should be taken following drain removal.

Thick membrane is seen on occasions encasing the lung not
allowing expansion; a peanut sponge is used gently to peel
the membrane off the visceral pleura. Conversion to open tho-
racotomy is indicated in cases of failure of separation of the
fibrous rind from the visceral pleura after the thoracoscopic
maneuvers, excessive bleeding, inadequate visualization, and
failure of lung reexpansion.

Thoracotomy and Decortication

Decortication of an organized empyema carries a significant
morbidity from bleeding and air leaks.?”-'*-13! Decortication
requires removal of the thickened fibrous parietal peel and
sharp dissection to remove the visceral peel encasing the
lung. This is best performed through a conventional poste-
rolateral thoracotomy. The aim of decortication is to free the
encased lung to allow reexpansion and to free the chest wall
to allow proper respiratory excursion. Excision of the pleural
rind may result in substantial bleeding and an air leak and
occasionally nerve damage. Blood must be available. Early
recognition of the fibrous stage and prompt intervention
minimize these risks. Provided decortication is complete,
the prognosis for lung function is excellent in most cases.
However, inadequate management places the child at risk
of chronic ill health with continuing sepsis, restrictive lung
disease, failure to thrive, and anemia. The child becomes a
respiratory cripple. The chest X-ray shows persistent lung
collapse, loss of volume, and a scoliosis attributable to pro-
gressive fibrosis.!*

Technique of Decortication

Decortication is carried out using a conventional posterolat-
eral thoracotomy.

The chest is usually entered through sixth intercostal space
although the rib resection may be necessary to achieve suf-
ficient exposure. The empyema cavity is entered through
the organizing parietal peel, which is usually thick and very
dense. The cavity is evacuated with samples taken for bacte-
rial culture. The parietal peel is stripped from the inside of the
chest wall by digital dissection. This can be difficult but as the
chest wall is freed the thoracotomy will open progressively.
The peel should not be disturbed over the mediastinal surface
because of the risk of damaging vital structures.

Separating the peel from the diaphragm is generally unsat-
isfactory because it is often impossible to find a plane of
cleavage.
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The encased lung is then freed. This involves gentle finger
dissection around the edge of the lung and between the fis-
sures. The thick visceral rind is carefully incised with knife
down to the plane immediately beneath the cicatricial coat and
the visceral pleura. The visceral pleura if possible should be
left intact if possible. Development of this plane invariably
results in significant bleeding and often multiple air leaks.
Once the correct plane is entered blunt dissection is generally
adequate to liberate the collapsed lung.

After decortication is complete the anesthetist expands the
lung gradually to identify any air leaks and to allow excision of
any remaining restrictive peel. Injury to the lung parenchyma
should be repaired if possible. At least one large-bore chest
drain should be placed and sometimes two are necessary. The
thoracotomy is then closed using standard techniques. Appli-
cation of low-pressure suction to the drain helps lung expan-
sion in presence of an air leak.

Major complications from decortication are related to per-
sistent air leak, bleeding, and sepsis. Air leaks up to 10-14
days after surgery are not uncommon in advanced cases.
Residual blood in the pleural space may become secondarily
infected defeating the purpose of the operation because of
ensuing fibrosis. While the mortality following decortication
in experienced hands should be low, some series have reported
mortalities between 1.3 and 10%.7"1%131132 Death is fortunately
rare but invariably due to hemorrhage or septic complications.

A chronic empyema causes significant derangement of lung
function. Both ventilation and perfusion of the collapsed lung
are markedly reduced, particularly perfusion. Physiologi-
cal improvement following successful decortication depends
largely on the nature and extent of any residual parenchymal
lung disease, which, in turn, depends on the infecting organ-
ism and the duration of the chronic empyema. Functional
improvement continues for many months after decortication.

Thoracoplasty

This is rarely necessary in childhood empyema and is to be
avoided if at all possible. There are two indications for tho-
racoplasty: First, if the underlying lung is so badly damaged
that it is incapable of reexpansion despite decortication (this
leaves a large residual intrapleural space, which will become
reinfected unless the chest wall is collapsed), and second, if
there is a bronchopleural fistula that fails to close after deco-
rtication. In this situation vascularized tissue must be brought
into the thorax to cover the damaged lung surface. A pedicled
muscle flap thoracoplasty is usually the best solution.

Management of Complex Empyemas

Empyema with Lung Abscess and Necrotizing Pneumonia

The outcome of this type of empyema depends on adequate
postoperative lung expansion and appropriate antibiotic ther-
apy. Pneumatoceles will generally resolve after debridement
or decortication of the empyema.'®!* Similarly most lung
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abscesses can be managed along the same lines without the
need for drainage. The morbidity involved in excision of a
lung abscess in the presence of infection is significant.

Necrotizing pneumonia can only be identified accurately
using CT with IV contrast. The presence of lung necrosis
complicating an empyema is a poor prognostic factor. Pro-
longed antibiotic treatment is necessary. Bronchopleural
fistulaec are common in these children."** If lung necrosis is
extensive ventilatory support may be necessary in the pre-
and postoperative period, and this frequently results in a
bronchopleural fistula.

Bilateral lung changes and empyemas occur occasionally
in infants and young children. Mortality is significant in these
children because of the extensive lung disease. Mechanical
ventilation, high-frequency oscillation, and even extracorpo-
real membrane oxygenation (ECMO) may be necessary.

There are reports advocating resectional surgery of the
damaged lung in this situation including pneumonectomy
in children."®*1% The associated mortality after the resection
surgery is significant if undertaken during empyema drain-
age and only advisable in selected cases. In the western world
thise situation is rare, and the management of such cases could
be optimized by intensive care prior to surgery. Good medical
management including resection of the affected lung in such
cases in the underdeveloped country is life saving.'*

Bronchopleural Fistula and Pyopneumothorax

A spontaneous bronchopleural fistula with resultant pyopneu-
mothorax occasionally complicates a necrotizing pneumonia.
Management of the bronchopleural fistula poses a major
challenge with a high morbidity. The presence of an air leak
into the pleural cavity and persistent pleural space contamina-
tion hinder lung reexpansion. Aspiration of infectious mate-
rial may contaminate the opposite lung. Preoperative contrast
CT scanning with IV contrast is essential to determine the
presence of lung necrosis and a lung abscess. Conservative
management of the fistula has been advocated in the past,
along with various surgical approaches, all associated with
prolonged hospitalization and morbidity.'** The optimum
management of a spontaneous bronchopleural fistula is drain-
age of pus from the pleural cavity with liberation of the lung
to achieve complete expansion. Excision of the parietal pleura
encourages the expanded lung to adhere to the chest wall and
aids the healing of the fistula. Primary muscle-flap thora-
coplasty can be helpful to bring a new blood supply to the
necrotic area and promote healing.

Various muscle flap techniques have been described in adults
to manage bronchopleural fistulae complicating pneumonec-
tomy or lobectomy.'*”1 Chest wall and abdominal wall-based
muscle flaps have been reported including trapezius,'*’ inter-
costal muscle,'*' diaphragm,'*! pedicled diaphragm,'* latissi-
mus dorsi,' and rectus abdominis.'** Other locally available
tissues such as thickened pleura,'* omentum, and jejunum
have been reported to manage bronchopleural fistula,!46-147.148
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In children large muscle thoracoplasty is rarely feasible
technically. Moreover, these would carry an unacceptable
postoperative morbidity, as the grafts occupy a significant
intrathoracic volume with permanent reduction in vital capac-
ity. Apart from this major concern, flaps used in adults for
myoplastic thoracoplasty require detailed anatomical knowl-
edge and a separate incision to place them into the chest.

Flaps that occupy less intrathoracic volume suitable for
use in childhood include pericardium, intercostal muscles,
greater omentum, and thickened pleura. Although tradition-
ally, a staged approach in the management of the bronchopleu-
ral fistula has been used in children, repeated thoracotomy
and chronic infection lead to fibrosis and further increase
the morbidity. Consequently, the author adopts aggressive
one-stage approach for empyema-associated bronchopleural
fistulae.'*

An intercostal muscle flap can be raised through the thorac-
otomy incision at the time of decortication. However, this may
complicate wound closure and lead to rib crowding with sub-
sequent scoliosis. Flaps based on thickened pleura are poorly
vascularized and difficult to position. The author’s preference
is a myoplastic flap based on serratus anterior. This muscle
comprises a series of digitations with an axial blood supply
and lends itself well to use as a myoplastic flap. Detailed ana-
tomical knowledge is not required, and the flap can be raised
easily through the thoracotomy incision.

The author has used this flap successfully over the years
with good results and minimal morbidity.'* However, depend-
ing on the underlying damage related to necrotizing pneumo-
nia postoperative recovery varies.

These children require long-term monitoring for immuno-
logical deficiencies, bronchiectesis, and growth and develop-
ment. Recurrent infections should be aggressively managed and
if required should be immunized against specific bacteria such
as pneumococci and Haemophilus influenzae as well as treating
them with prophylactic antibiotics during winter months.

Serratus Anterior Myoplastic Flap Technique

The chest is opened though a conventional posterolateral tho-
racotomy, using either a muscle-cutting- or a muscle-sparing
technique. A digitation of serratus anterior is then raised from
its insertion from either the fifth or sixth rib. The muscle flap
can be inserted into the thoracic cavity either through the tho-
racotomy wound itself or through a separate intercostal space
incision, depending on the site of the fistula. Length on the
muscle flap is easy to obtain by separating the digitations from
the remainder of the serratus anterior muscle, leaving the pos-
terior attachment intact. The muscle flap is loosely attached
to the surrounding lung tissue to occlude the bronchopleural
fistula. Both the blood and nerve supply to serratus anterior
are segmental so that separation of one or more digitations in
this fashion does not impair function of the remainder of the
muscle. No special precautions are necessary closing of the
thoracotomy.
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Bilateral Empyema

Bilateral parapneumonic empyema is occasionally encoun-
tered in infants and immunocompromised children. However,
the commonest cause of bilateral empyema in children is
esophageal injury, either a leaking anastomosis or perfora-
tion following dilatation of a stricture. Caustic strictures are
particularly prone to perforation during dilatation. In a large
study of 1,249 caustic strictures reported by Avnoglue, 52 dil-
atations resulted in perforation. Seventeen unilateral and two
bilateral empyemas occurred as a consequence.”?> The mor-
tality from sepsis in this series was 23%. In another smaller
series of 98 caustic esophageal strictures 14 patients required
repeated balloon dilatations. Three perforations occurred with
one bilateral empyema.'>

Bilateral parapneumonic empyema is uncommon, 07151152
The infective organism is usually staphylococcus, pneumo-
coccus or, rarely, Pseudomonas aerugenosa.*® Staphylococ-
cal infection is more common in malnourished children.*® The
author has managed three children with bilateral empyemas,
including a bulimic adolescent girl with recurrent aspiration
and multiple bilateral abscesses, lung abscess,'™ and a two-
year-old girl with bilateral pneumonia and septic shock, who
needed ECMO after conventional ventilation, which resulted
in a tension pneumothorax.

Bilateral empyema is seen as a common complication of
necrotizing mediastinitis.!™!¢  Necrotizing mediastinitis
occurs as a result of descending infection from the retropha-
ryngeal plane of the neck. The condition has a 30-40% mor-
tality, and aggressive surgical management is necessary.'>>-%7
Bilateral empyema has been successfully managed with VATS
debridement.'s

Secondary Empyema

The commonest cause of secondary empyema in children is
infection of a posttraumatic lung contusion.”®?' Postlobec-
tomy empyema occasionally occurs after resection of a bron-
chiectatic lobe or after lung resection in immunologically
compromised children. Penetrating injuries of the chest may
result in an empyema. Infection of sympathetic effusions fol-
lowing a subphrenic abscess or acute hemorrhagic pancreatitis
have been reported. Amebic empyemas may follow rupture of
a liver abscess.?*

Management of secondary empyemas has to be tailored to
the underlying cause. Most sympathetic effusions that become
infected will resolve with intercostal drainage and antibiotics,
and treatment of the underlying cause, occasionally requiring
VATS or thoracotomy drainage, is required.'> Posttraumatic
empyemas invariably require surgical intervention with early
thoracotomy or VATS.?! Esophageal rupture inevitably results
in mediastinitis and empyema. Immediate management com-
prises antibiotics and closed chest drainage but definitive
treatment depends on the state of the esophagus, which is dis-
cussed elsewhere in this book.
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Outpatient Follow-Up After Empyema

Children with empyema should be seen at 4—6 weeks after
discharge, with subsequent follow-up depending upon clinical
and radiological improvement.

Attention to nutrition is essential. Iron supplements may be
necessary if the child is anemic. Oral antibiotics should be
continued for a period of 4 weeks after discharge from hos-
pital. Children should be evaluated for immune deficiencies
at follow-up as previously healthy children may have undi-
agnosed abnormalities, including cystic fibrosis.!”” Antibody
status for pneumococcal and H. influenza should be assessed
and vaccinations provided if necessary.

The long-term prognosis following treatment of empyema
is excellent in the majority, despite the heterogeneity of man-
agement.'®*1% Complex empyema, however, carries a signifi-
cantly higher morbidity and longer hospital stay, and some of
these children require prophylactic antibiotics during winter
months to prevent further respiratory infections. Although
the vast majority of children recover without any long-term
respiratory consequences some studies reported mild obstruc-
tive defects associated with poor exercise tolerance.'>!%3 In
another study most children were found to have normal respi-
ratory function by 1 year although 19% had mild restrictive
defects and 16% mild obstructive defects. None of these chil-
dren had symptoms of respiratory insufficiency.'®

Conclusion and Future Perspective

Adequate drainage of the abscess (empyema) within the pleu-
ral space and reexpansion of collapsed lung are the funda-
mental principles of empyema management. Despite the fact
that this has been known since the time of Hippocrates, the
management of empyema thoracis in children remains contro-
versial. In part, this is because of reluctance on the part of phy-
sicians to relinquish their patients to surgeons but also because
of the lack of randomized trials in this field. The number of
studies trying to reinvent the wheel rather than learning form
past experience is depressing.

Minimally invasive surgery (VATS) is slowly changing the
management of empyema in the developed world in favor of
early intervention. The use of small-bore catheters and fibrin-
olytics probably has a role in the early stages of empyema
but these children must be monitored closely and referred
promptly for surgery if the response is less than perfect. The
incidence of childhood empyema is rising in the western
world, and there is urgent need for randomized controlled
clinical trials to guide treatment.
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Pulmonary Tuberculosis

Pankaj R. Parekh

Introduction

Mycobacterium tuberculosis is one of the most successful
infective organisms affecting one third of global population
and responsible for over two million deaths each year'. Tuber-
culosis (TB) is causing worldwide concern because strains
resistant to standard anti-tuberculosis chemotherapy are being
isolated with increased frequency?. The rising incidence of TB
in developed countries is largely attributable to immigration.

Following primary infection in childhood the initial host
immune response is usually capable of localizing the infection
but unfortunately falls short of completely eradicating the
pathogen. The ability of the TB to persist after initial infection
within a healed tubercle is referred to as latent TB and this is
central to the biology of tuberculous disease. Latent TB poses
a significant risk to the host from reactivation in adult life and it
also represents a major obstacle to the eradication of the disease.

Over the last century attempts to control tuberculosis have
centered on mass immunization with bacille Calmette-Guérin
(BCQG), early identification of infection, treatment with anti-
tuberculous therapy and improvements in hygiene, sanitation
and nutrition.

Epidemiology

The Director General of World Health Organization (WHO)
declared TB a global public health emergency in 1993 with
an estimated global incidence of 1.3 million and a mortal-
ity rate of 450,000 children per year. The recently released
WHO global TB control report shows that the incidence of TB
peaked in 2004 and has remained constant since 2005°. The
majority of new cases are reported in densely populated coun-
tries like India and China but the highest prevalence is seen in
sub-Saharan Africa, the Indonesian archipelagos, Afghanistan
and Bolivia*. The substantial increase in the prevalence of TB
in Africa in recent years (almost 80% of the global TB bur-
den) is largely attributable to HIV/AIDS®. The incidence of
TB in children is much more difficult to estimate accurately
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because of the lack of systematically collected data. In the
past childhood TB has been given a low priority. However,
it is estimated that 20—40% of all notifications represent TB
infection in childhood. In India alone more than ten million
children a year are at risk from contracting TB from a smear-
positive adult.®”

Most countries in Western Europe have TB notification
rates below 10 per 100,000, while some countries in Eastern
Europe, including the former Soviet Union, report case detec-
tion rates of more than 100 per 100,000. The percentage of
TB cases occurring in children is estimated to vary from 15 %
in developing countries to below 5 % in the United States and
Europe*. In 2002 the US Center for Disease Control and Pre-
vention (CDC) estimated the incidence of TB to be 5.6 new
cases per million®. Between 1984 and 1992 the incidence of
TB increased in the USA as a result of a deteriorating public
health infrastructure and the rising incidence of HIV. Pediatric
TB, however, fell from 3.1 new cases per 100,000 in 1992 to
1.5 per 100,000 in 2001. The incidence of TB in the UK is
increasing. In 2000 there were 12.9 new cases per 100,000
population in England and Wales’.

Historical Perspective

Hippocrates described a dangerous disease causing death to many
by consumption - “many of those who had been long gradually
declining, took to bed with symptoms of phthisis..... many, and,
in fact, the most of them, died; and of those confined to bed, 1
do not know if a single individual survived for any considerable
time.” Hippocrates also recognized that the disease was more
common in the winter and that the outcome was slightly better
for victims who could walk compared to those confined to bed
although eventually all succumbed to death'.

The term ‘tubercle’ was coined by Franciseus Sylvius
(1614-1672). The term ‘tuberculosis’ was introduced by
Laurent Bayle (1774-1816). Frascatorius (1483—1553)
hypothesized that the disease was transmitted by air-borne
living particles named ‘contagium vivium’'!. In a series of
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experiments in 1868, Villemin (1827-1892) demonstrated
that tuberculosis could be transmitted from man to animals
by inoculation with infected material. In 1882 Robert Koch
proposed four postulates, Koch’s postulates, regarding the
infectious nature of tuberculosis:

e The bacterium should be constantly associated with the
disease.

e It should be possible to isolate the bacterium in pure culture
from the lesion.

e Inoculation of a laboratory animal with the culture should
reproduce the disease.

e It should be possible to re-isolate the bacterium in pure culture
from the lesions produced in the experimental animal'!

In 1890 Koch discovered ‘tuberculin’ although he thought
incorrectly that this would be a cure for tuberculosis. The BCG
vaccine was produced by Albert Calmette and Camille Guerin
by sub-culturing an attenuated bovine strain of tubercle bacil-
lus over a period of thirteen years (about 230 times). BCG was
first used as a vaccine in humans in 1921 to prevent TB.

In 1882 Forlanini observed that patients with TB who
developed either a spontaneous pneumothorax or a pleural
effusion tended to recover more rapidly than those who did
not. This led to the widespread use of induced pneumothorax
as a procedure to promote healing. In 1911 Jacobeus used
pleuroscopy to divide pleural adhesions to facilitate lung
collapse. Later extra-pleural techniques were tried to induce
lung collapse although these were soon abandoned because
of septic and hemorrhagic complications. This was followed
by rib resection and thoracoplasty!'2.

Streptomycin and para-aminosalicylic acid were discovered in
the 1940’s, Isoniazid and Pyrazinamide were discovered in the
1950’s, and Ethambutol and Rifampicin were discovered in
the 1960’s. Effective chemotherapy changed the role of surgery
for TB completely. Safe pulmonary resection became possible,
with surgical pioneers including Overholt, Chamberlain, Naef and
Brunner reporting excellent results'®.

The World Health Organization (WHOQO) was established
in 1947. Tuberculosis was given the highest priority and
BCG vaccination was endorsed as the only widely available
control measure. In late 1950’s WHO resources assisted the
establishment of vertical programs to control TB in endemic
areas.

Basic science

Etiology

The vast majority of tuberculosis in humans is caused by
Mycobacterium tuberculosis. To a lesser extent, M. bovis and
M. africanum are also responsible. Other atypical mycobacteria
are isolated occasionally from children in association with
immune deficiencies and cystic fibrosis.

P.R. Parekh

Epidemiology

Tuberculosis is a highly contagious disease that is spread by
air-borne droplets. A variety of host and environment-related
factors influence infection rates:

Age: Young infants and children are more susceptible to
infection.

Site: Pleural disease is common in older children compared
to primary complex disease in the young.

Sex: Both mortality and morbidity are similar in both sexes'*.
However, in developing countries TB is five times more com-
mon in girls than boys although this ration is reversed in chil-
dren under five®.

Intercurrent infection and immune status: Host resistance
plays an important part in the spread and reactivation of the
tuberculosis'. Tuberculosis is a hugely important cause of
morbidity and mortality in children with acquired immune-
deficiency syndrome (AIDS). Children immunosuppressed
following cancer chemotherapy and after organ transplanta-
tions are also at risk, albeit in lesser numbers.

Nutrition: Malnutrition predisposes children to tuberculo-
sis and increases the morbidity and mortality of infection.

Socio-economic Status: In the developing countries TB
spreads in overcrowded communities as a result of poor sani-
tation and hygiene!”. In contrast in western society tubercu-
losis is a major health problem in the homeless, among drug
addicts, and in the prison population. The rarity of TB in white
people in the large cities of industrialized nations means that
there is often a delay in diagnosis, compared to black and
Asian people where the disease is considered more frequently
and, therefore, investigated more readily'®.

Travel: International travel and immigration contribute to
the spread of TBY.

Season: Seasonal variation in the incidence of TB is well
known with a peak in late winter / early spring®.

Spread

The commonest route by which TB is spread is by inhalation of
air-borne particles containing M. tuberculosis bacilli. The source
of these particles is usually the sputum of an adult with active
TB in close proximity. Children are rarely a source of infection.
The incubation time varies between one and six months?'.
Tuberculosis can also be spread by ingestion of the bovine
tubercle bacillus from unpasteurized milk. Other rare routes
by which TB can be transmitted include contamination of skin
wounds, passage through intact mucous membranes and trans-
placental spread, which gives rise to congenital tuberculosis.

The pyramid of childhood tuberculosis

Children admitted to hospital represent the tip of the iceberg
in the global scale of tuberculosis in childhood. These children
comprise between 1-6% of all cases of childhood TB and have
generally developed either TB meningitis or miliary disease.
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A larger group of children with TB comprise the middle
of the pyramid. These children may have some symptoms
but either remain undetected or inadequately managed. This
group usually have active disease which can either spread to
become disseminated (miliary) or become dormant, depend-
ing on the immune and nutritional status of the child. The base
of the pyramid consists of the large majority of childhood TB
which is asymptomatic, undiagnosed and becomes dormant.
Reinfection or reactivation as a result of a decrease in host
resistance will result in symptoms appearing at some time in
the future.

Microbiology

Mycobacteria are a group of slow growing bacilli which are
obligate aerobes. Mycobacteria are non-motile, non-spore
forming and non-encapsulated organisms. The cell wall is
lipid-rich, which conveys virulence. The lipid fraction of the
cell wall consists of three major components, mycolic acids,
cord factor, and wax-D. Mycolic acids are unique alpha-
branched lipids that form a shell around the organism and
affect permeability properties at the cell surface. Mycolic
Acids are a significant determinant of virulence, prevent-
ing attack by cationic proteins, lysozyme, and oxygen
radicals. They also protect extracellular mycobacteria
from complement deposition in serum. Cord factor is toxic
to mammalian cells and is also an inhibitor of neutrophil
migration.

Mycobacteria do not stain readily with Gram’s stain
because of the lipid content of the cell wall. They are either
very weakly Gram-positive or do not retain any stain. The

Ziehl-Neelsen (ZN) stain is used to identify mycobacteria.
Hot carbol fuchsin is applied to the slide. This primary stain is
phenol-based and has a high affinity for mycolic acid, which
is found in the mycobacterial cell wall. The slide is then decol-
orized with 70% alcohol and hydrochloric acid and counter-
stained with methylene blue. Mycobacteria stain bright red
and resist decoloration with alcohol and acid (alcohol and acid
fast bacilli — AAFB). More recently fluorochromic methods
have been used to visualize mycobacteria. This involves stain-
ing with auramine-rhodamine stain (a mixture of Auramine O
and Rhodamine B) and then examining the slide using fluo-
rescence microscopy. Mycobacteria fluorescence a reddish-
yellow color.

Mycobacteria are slow growing and require solid egg-based
culture media including Lowenstein-Jensen, Middlebrook
7H10, and American Thoracic Society Medium. Increasingly
automated radiometric systems are being used to culture
mycobacteria. The BACTEC system is capable of detecting
mycobacteria within 5-12 days using a liquid culture medium
containing palmitic acid labeled with carbon C'*?%. The Septi-
Chek AFB system requires about three weeks incubation but
is more sensitive than either the BACTEC system or routine
culture for the recovery of M. tuberculosis™.
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Pathogenesis

The Primary Complex: Inhaled tubercle bacilli lodge in the
pulmonary alveoli. This results in an acute inflammatory
response which is followed by a chronic granulomatous reac-
tion. The typical tuberculous granuloma comprises an area of
central caseating necrosis surrounded by eosinophilic epithel-
oid cells and giant cells. The inflammatory reaction at the point
of entry of the tubercle bacilli is called the Primary or Ghon
focus and measures approximately 3—20 mm in diameter. The
tubercle bacilli invariably traverse the pulmonary lymphat-
ics to reach the regional hilar lymph nodes where they cause
an identical granulomatous response. The primary focus, the
draining lymphatics and the inflamed regional lymph nodes
are collectively called the Primary complex.

The right upper lobe is the commonest site for the primary
complex and it has been suggested that this is because of the
tubercle bacilli preferentially lodge in areas of sluggish air cir-
culation and relative hypoxia?*. The lymphadenitis caused by
tuberculous infection is usually visible on a chest X-ray (Fig.
10.1).

The host immune response determines the outcome of the
primary complex. In the presence of good host resistance
the tuberculous infection is localized and heals by fibrosis,
becoming a calcified focus (Fig. 10.2).

Progressive primary tuberculosis: If the host immune
response is inadequate to contain the infection the tubercular
bacilli continue to multiply. The inflamed hilar lymph nodes
will continue to enlarge and may compress the neighboring
bronchus,?*?7 causing either an incomplete obstruction with

FiG. 10.1. Plain chest X-ray: A useful initial investigation and in
developing countries only radiological investigation available for
diagnosis and monitoring. Gohn focus is seen as a calcified periph-
eral spotin the left lung
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F1G. 10.2. Persistent calcified lesion after anti-TB medical therapy

distal obstructive emphysema? or complete obstruction with
atelectasis (Fig. 10.3a). Alternatively, a caseating lymph node
may erode through the wall of a bronchus causing foreign
body symptoms. Sudden intra-bronchial rupture of caseous
material has been known to result in asphyxia and death in
a young infant. Tuberculous bronchitis may eventually result
in fibrosis and bronchiectasis (Fig.10.3b), or spread into adja-
cent lung parenchyma giving rise to bronchopneumonia (Fig.
10.3c). Caseous lymph nodes in the subcarinal and paratra-
cheal regions may cause pleural or pericardial effusions con-
taining actively dividing bacilli®.

Bronchical obstruction

resulting in lobar
collapse

Compensatory
expansion of the middle
and lower lobes
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Pulmonary disease in children is typically associated with
low numbers of organisms (paucibacillary) and cavitating dis-
ease is rare under the age of 13 years. Unlike adults, children
are more likely to develop extrapulmonary TB. Disseminated
infection with hematogenous spread occurs especially in
young children (less than 3 years) and may result in tubercu-
lous meningitis, renal and bone infection.

Immune response to mycobacterial infection: The immune
response to TB is largely cell-mediated. Although this cell-
mediated immune (CMI) response is essential to control the
infection it is also responsible for much of the pathology of
TB, including granuloma formation and delayed-type hyper-
sensitivity (DTH).

Although infection is associated with an acute inflammatory
response neutrophil leucocytes are rapidly destroyed by tuber-
cle bacilli. Infected tissues are then progressively infiltrated
by macrophages. During the first 7-21 days after primary
infection tubercle bacilli multiply virtually unrestricted within
macrophages, which are unactivated and therefore unable to
destroy the organisms. Following this initial stage lymphocytes
infiltrate the regional lymph nodes. T-lymphocytes recognize
TB antigen processed by macrophages. This results in T-cell
activation and the liberation of cytokines, including gamma
interferon (IFN-y), which activate the macrophages.

Activated macrophages are capable of destroying TB. Acti-
vated macrophages produce cytokines which contribute to the
inflammatory response resulting in the characteristic tissue
changes, localization of tuberculous infection and subsequent
granuloma formation.**3"3 The host becomes tuberculin-pos-
itive. Tubercle bacilli are unable to multiply within tubercles
although they can persist dormant for long periods.

Impaired CMI is seen as a consequence of severe malnu-
trition and HIV disease because of a depleted pool of CD4+
T-cells, which impairs macrophage activation®. Granuloma
formation does not occur with the result that tubercle bacilli
multiply and spread. The Tuberculin test remains negative.
Progressive infection occurs with miliary spread.

FiG. 10.3. Complications related to mediastinal lymphadenopathy associated with the primary complex. (a) Collapse of the right upper lobe
with compensatory over expansion of the middle and lower lobes. (b) Bronchiectasis in a collapsed right lower lobe due to an old tubercu-
lous primary complex. Calcification of hilar lymph nodes suggests the cause of the collapse may be bronchial stenosis leading to recurrent
bacterial infection in the collapsed lobe.(¢) Erosion of mediastinal lymph nodes into bronchus leading to tuberculous bronchopneumonia or
symptoms and signs suggestive of foreign body inhalation
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Clinical features

e The diagnosis of tuberculosis in children is difficult

e Diagnosis is based on a triad of history of contact, clinical
feature, and investigations

e A high index of suspicion is necessary to ensure prompt
diagnosis

The clinical features of childhood TB are dependent on the
host immune response and, as a consequence, are vague,
subtle and variable. The majority (80-90%) of school age
children with primary TB will be asymptomatic and only
approximately 50% of infants will display symptoms. Typi-
cal constitutional symptoms include weakness, irritability
and anorexia. Low-grade fever with night sweats is common
although a high fever without specific cause may be seen.
The cough associated with TB is described classically as
paroxysmal and hacking, often associated with breathless-
ness and wheeze. Hemoptysis associated with cough is seen
in older children. Growth failure is a constant feature of TB
infection in children. Unfortunately, infants may develop
miliary disease or TB meningitis before the Tuberculin test
becomes positive. Eliciting a history of contact with TB,
either in the family or in school, is frequently rewarding
and highly significant. Tuberculosis should be suspected in
any child with a history of contact with a confirmed case of
tuberculosis.

There may be no clinical signs associated with primary
TB infection in children. Clinical signs are usually associ-
ated with disseminated disease. Young children (12%) may
develop erythema nodosum, which is associated with Tuber-
culin hypersensitivity.

In developing countries, anti-TB therapy is often com-
menced empirically in suspected cases. Osborne has provided
guidelines for suspecting TB in children to overcome the diffi-
culty of under/over diagnosis*. Various scoring systems have
been devised to improve the diagnosis of tuberculosis so that
early treatment can be started in countries where diagnostic
resources are limited. Table 10.1 shows the scoring system
devised by Crofton, Horne and Miller®.

TABLE 10.1. Scoring system for suspected TB in children.
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Diagnosis

The diagnosis of TB is difficult. Pediatric TB is usually a pauc-
ibacillary disease, which makes bacteriological diagnosis of
TB extremely challenging because of the difficulty in isolating
M. tuberculosis from clinical specimens. Children rarely pro-
duce sputum. If sputum can be obtained AAFB are identified in
less than 20% cases compared to 75% of cases in adults. Gastric
aspirates in children tend to produce a better yield for AAFB.
Even under optimal conditions AAFB can be only recovered in
70% of infants and in 30-40% of sick older children. Children
often have asymptomatic primary disease with subtle radiologi-
cal abnormalities. The diagnosis of TB infection in children is,
therefore, often based on a positive Mantoux test without signs
or symptoms of the disease and with a normal chest x-ray.

Investigations

Tuberculin sensitivity testing

Tuberculin is a glycerin extract from the tubercle bacillus.
Tuberculin was discovered by Koch in 1890 and initially
developed as a remedy for tuberculosis. Although Tuberculin
proved ineffective as a remedy for TB it was soon discovered
that repeated injections caused more rapid and more severe
skin reactions and this forms the basis of tuberculin skin test-
ing. Mantoux developed a reliable technique for sensitivity
testing involving intradermal injection of tuberculin. In 1934
Siebert made a simple protein precipitate of Koch’s tuberculin
and named it purified protein derivative (PPD).

Mantoux test: The standard Mantoux technique involves
intradermal injection of 5 Tuberculin units (0.1 mL) into the
volar aspect of the forearm using a 27-guage needle (In the
UK 2 Tuberculin units are injected).’*3” The test should read
48-72 hours later. A positive reaction is indicated by erythema
and induration >10mm in diameter. Erythema alone does not
constitute a positive reaction.

A person who has been exposed previously to the
tubercle bacillus is expected to mount an immune response

Duration of % weight Unexplained fever or

Score Tllness (weeks) loss Family History =~ Mantoux test Malnutrition night sweats Clinical findings

0 <2 >80% No

1 2-4 60-80% Yes

2 No response to anti-

malarial drugs

3 >4 <60% Yes, with a Negative No weight gain * Lymphadenopathy
relative with after 4 weeks * Joint/bone swelling
open TB » Abdominal mass or ascites

* Neurological signs or
abnormal CSF
4 Spinal deformity

This scoring system was developed by Crofton and Miller® to aid the diagnosis of TB in children. A score of 7 or more indicates a high risk of tuberculosis.
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(i.e. delayed-type hypersensitivity reaction) in the skin contain-
ing the bacterial proteins. Thus a positive test indicates prior
infection with the tubercle bacillus but not necessarily active
disease. A positive test may also result from BCG vaccination
though the response is usually less than 10mm and tends to
wane with time.

As PPD contains a whole series of proteins that are shared
with the BCG vaccine and other non-pathogenic mycobacteria
common in the environment the skin test may be falsely posi-
tive. Immunosuppressed children may not be able to mount a
DTH response to PPD. False negative results can be obtained
with a faulty technique or injection of an inadequate dose of
PPD. False negative results may also be seen in children with
miliary tuberculous or TB meningitis, extremes of age (infants
< 6mths, elderly), coincidental viral infections (Measles, influ-
enza etc.), immunosuppressive therapy, malnutrition, neoplas-
tic diseases (esp. Hodgkin’s, non-Hodgkin’s lymphomas) and
less commonly in children with chronic renal failure.

BCG test: BCG has been used as a diagnostic test for TB
but has a relatively low specificity. The test is performed using
0.1 ml reconstituted BCG vaccine to raise a S mm intradermal
wheal above insertion of deltoid muscle on left arm. An area
of induration >5mm diameter after 72 hours is considered a
positive result.?®

Hematological investigations

Full blood count may show a raised lymphocyte counts and a
normochromic anemia. Plasma viscosity and erythrocyte sedi-
mentation rate are usually elevated.

Microbiological Investigations

Direct staining and bacterial culture: Sputum, cerebrospi-
nal fluid, pleural fluid, ascitic fluid and bronchial aspirates
should be analyzed by ZN staining and set up for mycobacte-
rial culture as a matter of routine although this takes at least
6 weeks.

Gastric aspirate: Children rarely expectorate sputum but
they do swallow it. Therefore gastric aspirates can be used
AAFB culture. The technique requires passage of a nasogas-
tric tube. Early morning samples should be obtained on three
consecutive days before the child has had a chance to eat or
move. The stomach contents should be aspirated and then a
small amount of sterile water instilled and aspirated. Myco-
bacteria tolerate acid badly so sodium phosphate should be
added to the sample.

Bronchoalveolar lavage: Bronchoalveolar lavage (BAL)
can be useful for the diagnosis of TB if gastric aspirates are
negative. Endobroncheal abnormalities including inhaled for-
eign bodies can be excluded and culture of a BAL will exclude
other pulmonary infections. The diagnostic yield can be less
than an ideally collected gastric aspirate.* One Indian study
reported no difference in isolation rates comparing gastric
lavage and BAL.*
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Histopathological diagnosis: Specimens obtained either
by fine needle aspiration or biopsy of enlarged lymph nodes
may show characteristic granulomata and occasionally AAFB
can be seen in tissue sections. Pleural or lung biopsy may
be required before commencing chemotherapy. Histology is
invariably necessary in non-endemic areas for confirmation
of the diagnosis.

Newer Diagnostic Techniques

Nucleic acid amplification techniques: Amplification of
nucleic acid using the polymerase chain reaction (PCR) is a
rapid technique capable of detecting low numbers of organ-
isms. Nucleic acid can be extracted from tissue specimens and
tissue fluids for analysis and specific DNA fragments ampli-
fied in vitro. Several systems are now licensed and available
commercially. Nucleic acid amplifications techniques have
shown a wide range of sensitivity but high specificity for the
diagnosis of M. tuberculosis and therefore requires careful
clinical appraisal and judgment.*'*> Contamination of samples
by products of previous amplification and presence of inhibi-
tors in the sample may lead to false positive or false negative
results. The current view of the US Center for Disease Control
and Prevention is that nucleic acid amplification techniques
should not replace AFB smear or mycobacterial culture and
clinical judgement for the diagnosis of TB.

Serological diagnosis: Monoclonal antibody technology
has allowed the development of enzyme linked immunosor-
bent assays (ELISA) capable of detecting humoral responses
to mycobacterial cell wall antigens. Although many epitopes
on the mycobacterial cell wall are non-specific ELISA tests
have been developed to detect antibodies to the A60 (positive
in 30%) and the 38 kDa antigen (50% positive in culture posi-
tive cases).* Rapid immunochromatographic assays are now
commercially available for some of these antigens.

Interferon- yrelease assays: These assays are based on the
principle that T-cells from sensitized individuals release IFN-y
when they re-encounter M. tuberculosis antigens in-vitro. The
IFN-y release is detected by an ELISA. The US FDA recently
gave approval for the Quantiferon TB Gold In Tube system
(Cellestis Inc.Valencia, CA) to be marketed in the US. This
assay measures IFN-y release from lymphocytes exposed to
the antigens ESAT-6, CFP-10 and TB7.7(p4) that are pres-
ent in M. tuberculosis and absent from all strains of M.bovis
(BCG) and most environmental mycobacteria. Impressive
specificity and sensitivity data is emerging but, as with PCR
techniques, caution must still be exercised interpreting results
in the clinical setting.

Radiology

Chest X-ray: A plain chest X-ray is usually the preliminary
radiological investigation in suspected TB and it is usually
normal in primary infection in childhood. However, on occa-
sions a chest X-ray may show hilar, mediastinal or subcarinal



10. Pulmonary Tuberculosis

F1G. 10.4. Chest X-ray from an infant with primary TB showing a
large pleural effusion causing mediastinal shift. Pleural aspiration
may be necessary to relieve respiratory symptoms

lymphadenopathy, parenchymal changes such as segmental or
lobar hyperinflation, collapse consolidation, bronchopneumo-
nia or a pleural effusion (Fig. 10.4). On rare occasions the
Ghon lesion can be identified (Fig. 10.1). Miliary TB on a
chest X-ray is seen as a mottled appearance with multiple pin-
head spots (Fig. 10. 5a).

Computed Tomography Scan or Magnetic Resonance Imag-
ing: Both CT and MRI are more sensitive than conventional
radiology for detecting hilar lymph node disease and paren-
chymal lesions such as bronchiectasis. Direct invasion of
surrounding viscera and bone from endobronchial disease can
be identified on occasions. Miliary TB is well demonstrated by
high resolution CT scanning (Fig. 10. 5b).*

Differential Diagnosis

The differential diagnosis of TB in childhood includes all
conditions capable of producing chronic respiratory symp-
toms. This long list includes aspirated foreign bodies, bron-
chiectasis, cystic fibrosis, gastro esophageal reflux disease
with recurrent aspiration, fungal and parasitic infections and
HIV-related diseases.

TB still causes a diagnostic dilemma in western countries
where the diagnosis is not suspected because other, more
common, conditions are considered first. Not infrequently the
diagnosis is established after surgical biopsy of a suspicious
lesion identified radiologically.*
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FiG. 10.5. Miliary tuberculosis. (a) Miliary disease on a plain chest
X-ray (b) CT scan is more accurate for diagnosis, anatomical loca-
tion and monitoring response to treatment

Management

Medical Management:

e The majority of childhood TB responds successfully to first
line chemotherapy

e Directly observed short course treatment (DOTS) is effec-
tive and highly recommended

o Multidrug regimes is used to increase the cure rate and
prevent acquired drug resistance

e Clinical evaluation during and at the end of treatment are essen-
tial components of medical therapy to minimize drug resistance
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Most pulmonary TB can be treated medically. The goal is
to achieve disease cure and prevent relapse. Effective drug
regimes prevent the development of drug resistance and the
spread of TB.**” The prognosis for childhood TB, even in the
young and immunocompromized, who are at higher risk of
disease progression, is generally good provided diagnosis and
treatment is commenced promptly. The risk of adverse events
associated with current treatment regimens is low.*®

Anti-tuberculosis Drugs

The first line agents used to treat childhood TB include Iso-
niazid, Rifampicin, Ethambutol, Streptomycin and Pyrazi-
namide. Recommended dose schedules and recognized side
effects are shown in Tables 10.2 and 10.3.

Second line drugs are reserved for drug resistant cases and
for children who develop side effects from first line therapy.
This is uncommon but the physician managing childhood TB
should be aware of these agents. These include Cycloserine,
Ethionamide, Capreomycin, Kanamycin, Para-amino salicylic
acid and Thiacetazone. These drugs are generally more toxic
and have more side effects than the first-line therapy.

General principles of antituberculous therapy

e Single drug therapy is rarely effective for treating TB and
should not be used.

TaBLE 10.2. First line anti-TB drugs, dosages and side-effects.
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e The number and inclusion of drugs in the initial phase of
treatment should take into account the prevalence of drug
resistance in the local community.

A single drug should never be added to a failing regimen.

e Children defaulting on treatment or relapsing after treat-
ment should be retreated with the first line agents.

e Short course treatment for 6 months is efficacious in most
situations.

 Intermittent treatment should always be directly observed.

e Ensuring adherence with and completion of treatment is a
responsibility of the prescriber/provider.

e Continuing Pyrazinamide beyond the initial phase is not
usually recommended.

e Ethambutol in a dose of 15-20mg/kg body weight is rela-
tively safe and can be used at all age groups and in all types
of disease, including TB meningitis.

e Streptomycin should be avoided in children as the injections
are painful and the drug may cause irreversible deafness.
Streptomycin is usually reserved for the initial treatment of
TB meningitis in children.

Directly Observed Treatment, Short Course

In 1992, the Government of India, together with the WHO and
the Swedish International Development Agency, reviewed the

Agent Daily regime

Intermittent regime

Side effects

Isoniazid (H) 5-10mg/kg/day (max 300 mg)

600mg)

10-15mg/kg 3x weekly (max

Hepatitis, peripheral neuritis, paresthesias of hands/
feet, leucopenia, thrombocytopenia, itching, rash,
fever

Rifampicin (R) 10 mg/kg/day (max 600 mg) 15mg/kg 3x weekly (max 900 mg) Hepatitis, gastritis, hematuria, azotemia, itching, rash,
fever leucopenia, thrombocytopenia

Pyrazinamide (Z) 25 mg/kg/day 30mg/kg 3x weekly Gout-like symptoms, hepatitis, gastritis, leucopenia,
thrombocytopenia, loss of vision, color blindness

Ethambutol (E) 15 mg/kg/day 30mg/kg 3x weekly Leucopenia, thrombocytopenia, loss of vision, color
blindness, itching, rash, fever

Streptomycin (S) 20 mg/kg/day 30mg/kg 3x weekly Deafness, injection pains

Prednisolone 1-2mg/kg/day -

TaBLE 10.3. RTCP treatment regimens (WHO guidelines).

CATEGORY OF PATIENT INTENSIVE PHASE CONTINUATION PHASE
Category 1
* New sputum smear positive TB 2H3R3Z3E3 4H3R3
« Seriously ill sputum smear negative pulmonary TB
« Seriously ill extrapulmonary TB
Category II
* Sputum smear positive relapse 2SH3R3Z3E3 SH3R3E3
* Sputum smear positive treatment failure
* Sputum smear positive after treatment default 1H3R3Z3E3
Category III
* Sputum smear negative and extra pulmonary TB, not seriously ill. 2H3R3Z3 4H3R3

Anti-TB treatment regimes using a standardized abbreviations for each drug: Isoniazid (H), Rifampicin (R), Pyrazinamide (Z) and Ethambutol
(E). The table shows the protocol for drug administration during the initial intensive and subsequent continuation phases of DOPS: The number
at the front of each phase represents the duration of that phase in months. A number (e.g. 3) following a drug abbreviation is the number of doses

per week of that drug.*
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national TB treatment program and concluded that it suffered
from many weaknesses including inadequate funding, non-
standard treatment regimens, low rates of treatment completion,
and lack of systematic information on treatment outcomes. As
a result, a Revised National Tuberculosis Control Programme
(RNTCP) was established to provide a comprehensive strategy
for TB notification and control. This included the implementa-
tion of the directly observed treatment, short-course strategy
(DOTS) for TB, which was introduced in 1993. DOTS is the
only strategy which has proven effective in controlling endemic
TB and has now been adopted in many regions of the world.

DOTS is recommended for all TB in children and consists
of two phases of treatment:

1. An initial intensive phase where at least three bactericidal
drugs are administered. The aim is to eliminate the majority
of tubercle bacilli as rapidly as possible. Administration of
bactericidal drugs in the early phase also reduces the risk of
later drug resistance.

2. A continuation phase intended to eradicate dormant organ-
isms. Fewer drugs are necessary because the risk of acquir-
ing drug resistance is low and most of the organisms have
already been eliminated.

In either phase, treatment can be given daily or three times
weekly. Table 10.2 shows the first-line (i.e. essential) anti-TB
drugs and their recommended doses. Compliance and regular
out-patient attendances are mandatory for the success of this
strategy.*

Corticosteroids

The use of steroids is specifically indicated in central ner-
vous system involvement in TB meningitis if there is cere-
bral edema and focal neurological deficit. Steroids may also
be useful in endobronchial and miliary TB with involvement
of serous layers to decrease fibrotic squeals. Prednisolone is
effective in a dose of 1-2 mg/Kg/day, gradually reduced after
clinical improvement, and discontinued after 8—12 weeks.*

Evaluation during treatment

Children receiving anti-tuberculous treatment should be evalu-
ated monthly and monitored for symptoms, signs, side-effects
of medication, growth and development. Drug dosage should
be adjusted in accordance with the weight of the child.

Specific laboratory tests should be repeated regularly dur-
ing treatment including the complete blood count, liver func-
tion tests including alkaline phosphatase and transaminases.
Other tests may be necessary if side-effects from treatment
are encountered.

Evaluation at the end of treatment

At the end of treatment for pulmonary TB, sputum or gas-
tric washings should be sent for culture and a chest X-ray is
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recommended. Further follow up is not essential in an immu-
nocompetent child who has responded to first line treatment.
Instructions are given to the family to return for follow up
if recurrent symptoms develop, such as a prolonged cough,
weight loss, fever, night sweats or chest pain. Children with
HIV or drug-resistant TB must be reassessed at six monthly
intervals after treatment for at least for two years.

Medical management of special cases

Interrupted, incomplete or noncompliance with therapy. This
is defined as “interruption or non-completion of anti-TB treat-
ment for at least 1/3 of the intended regimen” e.g. two or more
consecutive months or intermittent interruption totaling two
months of a six month regimen or interruption of three months
or more of a nine month regimen.* Factors taken into consid-
eration before recommencing treatment after a lapse are:

 Early lapse in therapy (during the first three months)

e Disease extent — e.g. miliary TB or cavitating lesions
(Fig. 10.6)

e Immune status — e.g. malnutrition, HIV infection

e Incompletely treated TB six months prior to the current
attendance.

If one or more of these criteria are met, the length of
re-treatment should correspond to that indicated by the origi-
nal protocol. If none of these criteria is met treatment should
be resumed to complete the original protocol (for example,
if treatment lapsed for two months after three months of
an intended six months regimen, the patient should receive

r

F1G. 10.6. Chest X-ray showing a cavitating lesion seen in an adoles-
cent with repeated TB exposure and poor drug compliance
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treatment for an additional three months to complete six
months of treatment in total).

Treatment failure in a child with active drug sensitive tuber-
culosis: Treatment failure is defined by one or more and the
following:

e Mantoux or BCG positive
e Clinical deterioration
e Deteriorating changes on chest X-Ray

e Bacteriologically positive culture after three months of
Anti-TB therapy or initially culture negative but becomes
culture positive after three months treatment

In these instances it is vital to obtain either sputum or gastric
aspirate or a tissue sample for AFB culture and sensitivity.
In a clinically stable child the current drug regime should be
maintained until sensitivity results become available. If the
child is deteriorating treatment for drug-resistant TB should
be commenced.

Relapse: Relapse is defined as recurrence of signs and symp-
toms within two years of an apparent cure after completion of
a course of chemotherapy. Relapse is rare in children who are
immunocompetent. Treatment should be recommenced using
regimes for drug-resistant TB unless there is evidence from
bacteriological culture and sensitivity testing to the contrary.

Management of a neonate with active tuberculosis in the
mother: Newborns may become infected through the mother
or another family member with pulmonary TB. In general,
they can be treated in the same way as other children, with
the addition of Pyridoxine to prevent neurological complica-
tions of Isoniazid treatment. In case the mother is infectious,
specific cough hygiene measures should be introduced and
short-term chemotherapy is recommended for the baby until
maternal sputum is AFB negative on three consecutive occa-
sions. The mother should be skin tested with BCG to see if
an accelerated response is observed. In the absence of accel-
erated response chemotherapy can be discontinued. If there
is maternal pulmonary disease on chest X-ray chemotherapy
should be continued for six months. If the mother is asymp-
tomatic the baby is given Rifampicin and Isoniazid for three
months.®

Surgical Management

Surgical treatment of TB was common before the advent of
effective antituberculous chemotherapy in the 1950’s. Most
tuberculosis in children can be treated without surgery. In recent
years surgery has become important to salvage failed medical
therapy, often related to drug resistance. In carefully selected
patients with MDR TB who have a poor response or an unfa-
vorable prognosis with medical therapy alone surgical resection
can allow cure rates exceeding 90%. Although not prescriptive,
indications for surgery in TB are shown in Table 10.4.

At least two months of anti-TB therapy should be given
before surgical resection to decrease bacterial infection in the
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TaBLE 10.4. Indications for surgery.

1. Failure of medical therapy
* Progressive disease, lung destruction
* Lung gangrene
* Drug resistance
* Aspergillosis complicating treatment
2. Surgery for diagnosis
* Pulmonary lesions of unknown cause
» Mediastinal adenopathy of unknown cause
3. Complications of scarring
* Massive hemoptysis
e Cavernoma
e Tracheo or broncho-esophageal fistula
* Bronchiectasis
* Extrinsic airway obstruction by tuberculous lymph nodes.
* Endobroncheal narrowing
4. Extrapulmonary thoracic disease
* Constrictive pericarditis
¢ Cold abscesses and osteomyelitis of chest wall
* Potts’ disease
5. Pleural tuberculosis
* Pleural effusion
* Bronchopleural fistula
6. Infections with Mycobacteria other than tubercle bacilli (MOTT)
7. Complications resulting from previous surgery

surrounding lung tissue and sterilize the sputum. Following
successful resection an additional 12-24 months of chemo-
therapy should be given. Proper preoperative evaluation and
optimization of the nutritional are essential. A CT scan and,
if possible, bronchoscopy should be done to determine the
extent of the disease, to document tuberculous endobronchial
disease, predict operative difficulties and assess the status of
the contralateral lung.>!

Surgery may be necessary to reduce the burden of myco-
bacterial disease in patients with drug-resistant disease. In the
presence of irreversible changes in the lung such as cavitation,
medical treatment alone is likely to fail and resection of the
nidus of infection improves the cure rate substantially. Post-
tuberculous pulmonary destruction is frequently associated
with bronchiectasis in children and resection may be necessary
to control symptoms.

Tuberculous lymphadenopathy can result in extrinsic airway
compression and obstruction. This may become life-threatening,
especially in young children. Steroids may produce transient
relief of the airway obstruction but surgical decompression is
usually necessary. Bronchoscopy should be performed prior
to decompression to confirm the site of airway compression.
Enlarged sub-carinal nodes are most dangerous and these can
be decompressed through a right thoracotomy. In children with
acute airway obstruction the nodes are soft and necrotic. Decom-
pression should be performed by evacuation of the contents of
the node rather than excision, which carries a high risk of injury
to the airway.>* Hilar lymphadenopathy may be complicated by
erosion into the bronchus and intraluminal obstruction. This can
be managed by bronchoscopic debridement and suction although
frequently this must be repeated at regular intervals.

Tuberculous pleural disease may require drainage and, if
the response to medical therapy is inadequate, decortication.
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Technical aspects of TB surgery

Surgery should be performed with single-lung anesthesia with
either a double-lumen tube or by using bronchial blockers.
Bronchial healing in TB can be poor and in difficult cases
muscle flaps should be used to aid healing and avoid a post-
lobectomy broncho-pleural fistula and empyema. The use of
muscle flaps is considered mandatory if there is a pre-existing
broncho-pleural fistula, extensive bacterial overgrowth in the
sputum, or if there is extensive lung involvement, where expan-
sion of remaining lung is unlikely and surgery is considered to
be the last resort. Attempts should be directed to resect the
parenchymal disease completely to avoid disease reactivation,
as most children requiring surgery are drug resistant.

Preoperative bronchoscopy and aspiration of secretions
reduces contamination of healthy lung during surgery. If
extensive resection is considered then there should be minimal
evidence of active inflammation at the site of proposed resec-
tion although the maximum amount of normal lung should be
preserved. Hilar structures must be dissected with great care
as the anatomy is frequently distorted by lymphadenopathy
and scarring.

Prevention of tuberculosis

Control of TB in a population requires a multidimensional
approach. Major emphasis is placed on minimizing the risk of
transmission by early identification and treatment of patients
with active disease. Treatment must also be given to those
with latent infection to prevent progression to active TB.
This is known as treatment of latent TB infection (LTBI) or
TB chemoprophylaxis. Strict measures for infection control
measures must be followed in health care facilities and other
institutions to prevent nosocomial spread. Finally, BCG vac-
cination of selected groups can be used to prevent infection.

BCG Vaccine

Bacille Calmette-Guérin (BCG) vaccine is the most widely
used vaccines in the world and is currently given at, or soon
after birth, to infants in over 100 countries to minimize the
risk of TB infection.* BCG induces a benign, artificial pri-
mary infection that stimulates an acquired resistance to sub-
sequent infection with M. tuberculosis. BCG is a freeze-dried
vaccine derived from the “Danish 1331 strain. The vaccine is
reconstituted with sterile phosphate-buffered saline at the time
of injection. Freshly reconstituted BCG vaccine (0.1 ml) is
injected intradermally to raise 5mm wheal over the left del-
toid region just above its insertion. This site is chosen for the
sake of convenience and uniformity.*® Local antiseptic should
not be used before vaccination and rubbing the site after injec-
tion is not advised.

The BCG vaccination policies differ in different countries.”’
In countries where the prevalence of childhood infection is

139

high BCG is usually administered either at birth (for institu-
tional deliveries) or in infancy along with other immuniza-
tions. In developed countries with a low disease prevalence,
BCG vaccination is recommended for children at school entry
or in early adolescence. In some countries with extreme low
prevalence of tuberculosis, BCG is not a part of the routine
immunization schedule and given only to high risk groups e.g.
hospital personnel and tuberculin-negative contacts of known
cases of tuberculosis.”®* The need for Tuberculin testing prior
to BCG vaccination in young children has been the subject of
debate.*

BCG must not be given within four weeks of the admin-
istration of any live vaccine. Simultaneous administration of
inactivated vaccines against diphtheria, pertussis, tetanus and
polio does not interfere with the immune response to BCG
vaccine.®!

BCG vaccination is contraindicated in children with immune
deficiency diseases, including congenital immunodeficiency,
HIV infection, altered immune status due to malignant disease,
and impaired immune function secondary to treatment with
corticosteroids. Specialist consultation should be sought if there
is a family history of immunodeficiency, and a careful benefit-
risk assessment made before vaccination. Although no adverse
events in the fetus are known, immunization of pregnant women
is not recommended. Individuals with a positive tuberculin skin
test should not be immunized.

Clinical trials examining the efficacy of BCG vaccination
have given conflicting results. Retrospective reviews have
estimated a vaccine efficacy of up to 50% for preventing any
tuberculous disease, 64% for meningitis and up to 80% for
disseminated disease in infants. BCG is effective at prevent-
ing progression of primary infection to disseminated disease
but it does not protect against reactivation of an endogenous
focus (i.e. adult post-primary tuberculosis) or against heavy
repeated exposures. Evidence from studies of large numbers
of school children indicates that reimmunization confers no
additional protection.®> %% Repeat immunization is not rec-
ommended in absence of an adequate response to the first
immunization.%

Complications from BCG are uncommon but include pro-
longed severe ulceration at the site of vaccination, suppurative
lymphadenitis, osteomyelitis, disseminated BCG infection and
keloid formation.

Tuberculosis in children with HIV

HIV infection is associated with tuberculosis. The diagno-
sis of TB in an HIV-infected child is extremely difficult as
the typical clinical features of childhood TB are absent. HIV
infection is also associated with many diseases, including fun-
gal infections, that can mimic TB. HIV infection may result
in reactivation of a latent TB focus or dissemination of an
existing disease. Infants born of HIV infected mothers easily
acquire TB from adult contacts. These infants are at particular
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risk of developing miliary tuberculosis. The Mantoux test is
invariably negative in children with HIV infection.

The management of TB in children with HIV infection
must be highly intensive to avoid morbidity and mortality.
Absorption of anti-TB drugs may be impaired increasing
the risk of treatment failure and relapse. Drug interactions
between antiretroviral medication and anti-TB chemotherapy
are common, as is drug-related toxicity.®% These children
should be managed by a specialist. Paradoxical worsening
of TB symptoms after the start of anti-retroviral therapy has
been reported.®’

Multi drug resistant TB

Inadequate or inappropriate drug regimens, noncompliance
and poor drug quality are the main reasons for the drug resis-
tance.® The spread of the drug resistant tuberculosis in the
community, especially inregions where HIV infection is prev-
alent, is a major concern. In many parts of the world, sensitiv-
ity testing is not available. Consequently single drug therapy
shouldneverbe prescribed forTB,oraddedtoafailingregimen.
Children in contact with a previously identified case of
resistant TB should be managed aggressively. Drug resis-
tance may be present at the outset of treatment or acquired
during treatment. Multidrug resistant tuberculosis (MDR) is
resistant to Isoniazid and Rifampicin and sometimes other
agents. The diagnosis of MDR TB is made by culture and
sensitivity testing.

The recent emergence of a strain of tuberculosis resistant
to all currently available anti-TB medications (XDR-TB) has
been reported from South Africa.® This untreatable strain
of TB is associated with a very high mortality, as seen in a
recent outbreak in KwaZulu-Natal.® The XDR-TB has now
been reported in many countries and there is urgent need for
a global response to prevent widespread dissemination of this
organism.

It is preferable to determine treatment of drug-resistant TB
on the basis of culture and sensitivity testing. The initial regi-
men should include at least three drugs to which the isolate
is susceptible and preferably agents which have never been
taken before by the patient.”” Drugs used to treat MDR-TB
include:

¢ Aminoglycosides: Kanamycin, Amikacin, Capreomycin

e Thionamides: Ethionamide, Prothionamide

e Pyrazinamide

¢ Quinolones: Ofloxacin

e Cycloserine

o New antibiotics: Imipenem, Rifamycin, Rifabutin, Rifapentine
e Immunotherapy: Interleukin -2

Serious consideration should also be given to surgical resec-
tion of drug-resistant TB disease.
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Mycobacteria other than tuberculosis

Mycobacteria other than TB (MOTT) is the generic name
given to a group of Mycobacteria that behave in a similar fash-
ion to M. tuberculosis, cause pathological disease, but are bac-
teriologically different.”! With improved methods of culture
these atypical mycobacteria have been identified with increas-
ing accuracy and classified into various sub-types according
to their growth rate, pigmentation and photosensitivity of pig-
ments. MOTT are ubiquitous in soil and water. They are acid-
fast bacilli. They do not spread from human to human and are
generally resistant to Isoniazid.

Clinical features

MOTT can cause either localized or disseminated disease
depending upon exposure and the host immune response.
Symptoms and signs associated with the disease are vague and
variable, although identical in many ways to TB. MOTT gen-
erally causes parenchymal disease in the elderly. M. kansasii
has been considered an important cause of pulmonary disease.
M. scrofulaceum has been shown to be the cause of localized
pulmonary infections. M. heckeshornense is a new slow grow-
ing species which has been associated with cavitating lung dis-
ease in immunocompetent individuals. M. simiae, M. habana,
M. szulgai, M. fortuitum, M. vaccae, M. malmoense are other
organisms associated with pulmonary disease. MOTT infec-
tion can be asymptomatic or present with sub-acute or chronic
illnesses resembling pulmonary tuberculosis.

MOTT pulmonary disease

Infection with MOTT should be suspected if there has been
no response to conventional anti-TB treatment. Due to ubiq-
uitous presence of MOTT in the environment, establishing a
causative relationship with clinical disease can be difficult.”>”
Samples should be obtained for culture and processed in a
similar fashion to TB. Bronchoalveolar lavage and broncho-
scopic biopsy taken specifically for AFB culture may identify
MOTT. Repeat attempts to obtain microbiological samples
may be necessary. Radiologically, MOTT may appear identi-
cal to TB. However, clusters of small nodules associated with
areas of bronchiectasis in the lower and middle zones of the
lung identified using high-resolution CT scanning is sugges-
tive of MOTT (Fig. 10.7, 10.8).

Management

There are three important aspects to the management of MOTT
infections:

e Primary prophylaxis with antimycobacterial drugs such as
Rifabutin.
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Fi1G. 10.7. CT scan showing paratracheal lymph node enlargement in
a child with stridor. There was no history of TB exposure or evidence
of lymphadenitis in the neck. In a non-endemic area this appearance
could be confused with a paratracheal bronchogenic cyst. Excision is
necessary for diagnosis and relief of symptoms
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e Surgical treatment of cervical lymphadenitis and localized
infections. Surgical debridement may be required if there is
an accumulation of pus or dead tissue. Surgical excision is
also indicated in infections due to M. fortuitum-chelonae.

e Medical treatment should be based on sensitivity profiles.
Drugs active against MOTT include Isoniazid, Rifampicin,
Ethambutol, Rifabutin, Erythromycin, Azithromycin,
Clarithromycin, Ciprofloxacin, Clofazimine, Cefoxitin,
Doxycycline, and Sulfamethoxazole-Trimethoprim.

Treatment of MOTT infections usually requires drug doses
higher than recommended for the treatment of tuberculosis.
This necessitates close monitoring for side effects’

Future Perspective

Despite a decline in mortality in some countries, tuberculosis
will continue to be an important communicable disease for
decades to come. The chronic nature of the disease, the ability
of the tubercle bacilli to remain alive in the human body for

F1G. 10.8. Radiographs from a child with bronchiectasis due to cystic fibrosis. Investigations showed that the endobronchial secretions were
colonized with an atypical mycobacterium. Medical therapy is toxic and unlikely to eradicate the MOTT. This child is managed conserva-
tively with postural drainage and treatment of secondary bacterial infections
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years, the concentration of the disease in the older age-groups,
in areas of poverty and overcrowding, the high prevalence of
infection and reactivation in some countries, the emergence
of drug-resistant strains, the association of tuberculosis with
HIV infection, and, above all, the perpetuation of “non-spe-
cific determinants” of the disease in the third world countries
impede a rapid conquest of the disease.” There is a compel-
ling need to develop an improved vaccine as BCG, in spite of
reducing morbidity and mortality in infants, does not prevent
adult pulmonary disease which is a primary source of trans-
mission of TB to children.

The future aim has to be provision and administration of
effective treatment to all cases of active TB to avoid spread.
There is urgent need to control the spread of HIV infection.
The containment of resistant strains of TB needs considerable
political will and financial commitment.”
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Lung Abscess

John Hewitson

Introduction

A lung abscess is a localized collection of pus within the lung,
in a cavity caused by the destruction of parenchyma. Lung
abscesses occur rarely in children, and seldom require surgical
intervention. They are classified into primary and secondary,">
and acute or chronic.> A primary abscess is seen in a patient
who has no predisposing medical problem, while in a patient
with a secondary lung abscess, one or more of the pulmonary
defence mechanisms has been compromised by an underly-
ing condition, predisposing to pulmonary infection.* An acute
abscess is defined arbitrarily as one that has developed in less
than 6 weeks. Children with an acute lung abscess are typically
ill and febrile, while an inadequately treated abscess may
persist as a chronic thick-walled abscess, with low-grade fever
and less severe symptoms. Most lung abscesses in children are
solitary, although multiple abscesses may be seen with aspira-
tion or hematological spread.

Like many suppurative diseases, the incidence of primary
lung abscess in children has risen for obscure reasons.’ A spe-
cific increase in necrotizing pneumococcal pneumonia has
been noted in children in communities where pneumococcal
vaccination is not widely used.®® An increase in the number of
immuno-deficient children due to human immunodeficiency
virus (HIV) infection, hematological malignancy, cancer che-
motherapy, and organ transplantation has also contributed to
an increase in secondary lung abscesses.®

In undeveloped countries, in addition to high HIV infection
rates, other issues such as malnutrition and various unrelated
subtropical diseases may modify the immune response. Also
a factor in such communities is the high incidence of pulmo-
nary tuberculosis (TB) and thus of lungs with post-tubercu-
lous damage, which may not be clinically apparent but where
pulmonary defences are damaged.

More recently, a growing problem has been the rise in
nosocomial infections amongst neonates and immuno-com-
promised children requiring intensive care.”!

D.H. Parikh et al. (eds.), Pediatric Thoracic Surgery,
DOI: 10.1007/b136543_11, © Springer-Verlag London Limited 2009

Historical Perspective

Lung abscess has been recognized as a pathological entity
since at least the time of Hippocrates, who suggested aspi-
ration from the oropharynx as a likely cause, and described
an external drainage as a life-saving procedure."" Before the
advent of antibiotics death was likely without surgical drain-
age, and even with external drainage the mortality was high,
while chronicity was common among survivors.'>!#

In 1904, Guillemot gave weight to the theory that aspirated
oropharyngeal organisms rather than emboli were the source of
pulmonary suppurative disease when he identified, in empyema
thoracis, organisms normally found in the mouth.” In 1942,
Brock'¢ added further evidence when he showed that aspirated
matter gravitated to dependent portions of the lung, explaining
why lung abscesses due to aspiration are commonest in parts of
the lung that are dependent when the patient is supine.

In the early nineteenth century, conservative therapy (typically
arsenicals and physiotherapy) occasionally resulted in a cure but
was usually of little value.'? Although percutaneous needle aspi-
ration was occasionally tried with success, the favored approach
was by external surgical drainage, commonly in two stages, the
first stage to stimulate pleurodesis so as to avoid contamination
of the pleural space and at the second stage, the actual drainage
of the abscess.'>!” The alternative, pulmonary resection, gradu-
ally gained favor after the introduction of the cuffed endotra-
cheal tube together with improved and safer general anesthesia.
However, mortality remained high for all approaches.

The introduction of antibiotics had a dramatic impact, and
the pendulum of management swung rapidly away from sur-
gery to a conservative approach for most cases.'®! There was
a short period when bronchoscopic drainage of abscesses was
in vogue®*?! but it proved hazardous, especially in children,
because of the risk of sudden flooding of the airways with
purulent material.'? In recent years, the practice of percute-
neous drainage has again become popular as a useful tool to
both hasten recovery and identify the organism.'*?2%
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Pathogenesis

Etiology

A lung abscess implies destruction of pulmonary parenchyma
by bacterial infection, which results in an infected cavity con-
taining purulent material. This necrotizing process occurs
when the bronchial defences against infection are either over-
come by an aggressive organism (a primary lung abscess),
or are compromised, allowing infection to gain a foothold
(a secondary lung abscess) (Table 11.1). In either case, the
defence mechanisms have not been able to prevent pneumoni-
tis or pneumonia from progressing to the point of suppura-
tive necrosis and cavity formation. Secondary lung abscesses
in children are seen in a variety of predisposing conditions
(Table 11.2).

Overall, the commonest cause of lung abscess in children is
aspiration of oro-pharyngeal organisms.'*?*?* Such aspiration
may occur in a healthy child during a choking episode or from
inhalation of particulate matter during exercise while eating,
choking on water while swimming, etc. Aspiration of saliva
is said to occur normally in small amounts during sleep in the
supine position, and in most cases, this is efficiently dealt with
by the mucociliary defenses.'?

Many situations may predispose to aspiration, from gastro-
esophageal reflux to impaired level of consciousness. %2426
Conditions frequently associated with impaired conscious-
ness and aspiration include general anesthesia, sedation, epi-
lepsy, trauma, and neurological problems, and less commonly
in children, drugs or alcohol. Aspiration of gastric contents
during general anesthesia is rare today, but in the postopera-
tive period when children are often heavily sedated, aspiration
of oropharyngeal secretions may easily occur, especially after
surgery in region of the oropharynx such as tonsillectomy
and adenoidectomy, which may be associated with increased
secretions and bleeding, and painful swallowing. Reflux and
aspiration during sleep may be seen in neurologically handi-
capped children with an inadequate cough reflex. These chil-
dren also frequently suffer from seizures and poor oral hygiene
which further contribute to the incidence of aspiration. Other
causes of aspiration include oesophageal disorders such as
achalasia cardia, repaired oesophageal atresia with impaired
motility and reflux, and many types of dysphagia.

TaBLE 11.1. Classification of lung abscesses.

Acute Chronic
Primary lung abscess
Previously healthy patient, aggressive pathogens <6 weeks >6 weeks
(S. aureus, S. pneumoniae, P. aeruginosa, duration duration
Klebsiella sp.)
Secondary lung abscess
Patient’s pulmonary defences are compromised; <6 weeks >6 weeks
a variety of pathogens may be involved, includ-  duration duration

ing opportunistic and nosocomial pathogens

J. Hewitson

TaBLE 11.2. Predisposing factors for development of secondary lung
abscesses.

1. Factors predisposing to aspiration
a. Depressed level of consciousness with impaired cough reflex due to
anesthesia, sedation, trauma,