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Prolog
Thoracic surgery in children and adolescents is no longer the same as 20 years ago. 
Antenatal detection of structural abnormalities has preponed diagnostic and thera-
peutic procedures and surgical as well as interventional techniques have undergone 
considerable development. Furthermore, substantial progress has been made in prac-
titioners’ general understanding of congenital thoracic malformations, in minimally 
invasive approaches to the thoracic cavity and surgery of the chest wall. 

Today, neonatologists, pediatric pulmonologists and pediatric as well as thora-
cic surgeons are involved in the treatment of patients with thoracic problems, while 
imaging and anaesthesiological techniques remain particularly challenging in small 
and premature infants. However, correction of chest wall deformities is no longer 
recommended before puberty and transition of those patients has become a reality. 
As a consequence, the diagnosis and treatment of thoracic disorders are crossing 
borders and interdisciplinary cooperation has become mandatory.

Taking this evolution into account, the time for an innovative textbook of thoracic 
surgery for the first two decades of life has arisen. The idea behind this book is new: 
address to on experts and newcomers profit from an interactive concept. 

We are very thankful that numerous well-known specialists have contributed to 
this book, be it through introducing topics, presenting their individual views or dis-
cussing some of the more controversial aspects related to this field. Recommended 
papers for further reading are included, and supplementary material can be found 
on the publisher’s website. In addition to presenting the work, ideas and research of 
experts, this textbook opens the door for an interactive exchange between author and 
reader. 

Claus Petersen
Benno M. Ure
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Christian Seefelder, Robert Sümpelmann
1 Anesthesia and analgesia for thoracic surgery

1.1 Introduction

The unpleasant times of years gone by when surgeons and anesthesiologists found 
themselves in conflict over competing perceptions of their respective importance and 
relevance are hopefully consigned to the past. Today, interdisciplinary collaboration 
and close cooperation are critical to ensuring that all patients are provided with the 
best practice and levels of care. This is particularly true when treating low-weight 
prematures or performing minimally invasive procedures in the thoracic cavity. In the 
following chapter, Christian Seefelder focuses not only on appropriate procedures 
and techniques, but also on perioperative pain management. 

1.2 Anesthesia for pediatric thoracic surgery

The advances in pediatric surgery have resulted in the desire by the pediatric surgeon, 
by families and by medical consultants for earlier, more definitive, often video-
assisted, “minimally invasive” surgery in younger and sicker patients than a decade 
ago. Anesthesia care for small, young and sick patients may have become safer more 
through better understanding, improved monitoring and more courage than through 
improvements in drugs, advances in technology or innovation in management. Pediatric 
anesthesiologists need intimate knowledge and understanding of the (congenital) 
surgical lesion and its pathophysiology, of the associated medical disorders and of the 
surgical procedure. In turn, pediatric surgeons need knowledge and understanding of 
the anesthetic techniques, concerns and limitations such as neurotoxicity of anesthesia 
in neonates, infants and young children, the difficulty of lung isolation in small patients 
or the physiologic challenges of minimally invasive surgery in pediatric patients.

1.2.1 Neurotoxicity of anesthesia in neonates, infants and young children

Animal and human data suggest that anesthesia in young animals as well as in human 
neonates, infants and young children may have unfavorable effects on the developing 
brain. The initial animal studies provoked disbelief, as a human neonate could not 
just be equated with a rat pup. Subsequently, clinical studies disturbingly confirmed 
the concerns rather than dispelling them [1, 2]. Further data are eagerly awaited by 
the pediatric anesthesia community, while surgeons not uncommonly have remained 
unaware of the whole discussion.

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



2   1 Anesthesia and analgesia for thoracic surgery

1.2.1.1 Animal data
Solid data from animal models suggest that exposure of neonatal animals to agents 
used in human anesthesia results in accelerated or premature neuroapoptosis and 
neurodevelopmental disadvantages. Common criticism of these studies includes 
the difficulty extrapolating from animal data to humans, difficulty comparing doses 
required for animals and humans, difficulty comparing animal outcomes to human 
outcomes, difficulty excluding the effect of disease and surgery requiring anesthesia 
on neurodevelopment and impossibility of providing necessary surgery without 
anesthesia. At the same time, suspicion has been brought forward that it is less the 
anesthetic agent than the physiologic milieu created that may be responsible for the 
changes (i.e. hypotension, desaturation). A clear recommendation regarding a safe 
or advantageous general anesthetic technique or agent is missing, but dexmedetomi-
dine may be less detrimental than other anesthetic agents in regards to neurotoxicity.

1.2.1.2 Human data
Human data from retrospective and database studies indicate a neurodevelopmen-
tal disadvantage in children who have undergone (multiple) anesthetics as neo-
nates, infants or young children compared to matched controls, siblings or twins 
without anesthesia. First results of a prospective randomized controlled study 
comparing one hour of sevoflurane anesthesia with awake/regional anesthesia for 
hernia repair in infants did not show a difference in neurodevelopmental outco-
mes at the 2-year follow-up [3]. Further information is sought through studies of 
neurodevelopment after intrauterine exposure to anesthesia, studies of sedation of 
neonates in the intensive care unit and studies of retinal apoptosis as “windows 
into the brain”.

1.2.2 Basic anesthetic techniques in pediatric anesthesia

While thoracic surgery is performed under general anesthesia, there is often a misun-
derstanding by patients, families, medical specialists and surgeons about the degree 
of sedation for other studies and procedures. Not uncommonly, it has been agreed 
upon that a procedure can be done “under local” or “light sedation”, but at the same 
time the patient has been promised to be “asleep” and the surgeon or radiologist 
expects the patient to be “not moving”.

Few children are interested in being awake and aware and in lying still for pro-
cedures or studies. Small infants can sometimes be fed and bundled up and sleep 
through non-stimulating studies such as MRI. Distraction and entertainment with 
videos can be offered and parents can be present for reassurance for older children 
to undergo unsedated imaging studies or procedures such as lumbar puncture, bone 
marrow aspirate or central line placement under topical or local anesthesia.
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1.2 Anesthesia for pediatric thoracic surgery   3

Although light and moderate sedation with low doses of sedatives or systemic 
analgesics administered enterally or parenterally may relieve anxiety, by definition 
patients will respond to commands and stimulation and some children may move and 
cry, sometimes are disinhibited and may become more restless and less cooperative 
with the risk of escalating dosing of drugs.

For adequate surgical conditions and for imaging studies requiring immobi-
lity, deep sedation or general anesthesia are necessary; while spontaneous respi-
rations may be maintained, concerns are progression to apnea, loss of protective 
airway reflexes, increasing airway obstruction and hemodynamic compromise.

1.2.3 Age at and timing of surgery

Cardiothoracic surgical intervention may occur as early as in utero, for example 
for aortic stenosis with evolving hypoplastic left heart syndrome, life threatening 
congenital pulmonary airway malformation or severe congenital diaphragmatic 
hernia. Some patients may require ex utero intra partum treatment or “EXIT” 
procedures with surgical intervention or placement on extracorporeal membrane 
oxygenation (ECMO) during birth and while on placental support. Anesthesia, 
monitoring and resuscitation of the fetus is provided by fetal anesthesia 
subspecialists while the mother is anesthetized and monitored by the obstetric 
anesthesiologist. Emergent or urgent neonatal thoracic surgery is required for large 
or enlarging congenital pulmonary lesions, for tracheo-esophageal fistula (TEF) and 
congenital diaphragmatic hernia. Many lung biopsies and tumor resections need to 
be performed whenever the patient presents. Given the neurodevelopmental risks 
of anesthesia in young patients, elective pediatric surgery should be postponed, 
but the age by which anesthesia in children is safe remains elusive. Irrespective of 
the neurodevelopmental concerns, the risk of anesthesia-related complications is 
highest in the youngest [4].

Surgical pathology in children is dominated by congenital abnormalities or 
pediatric-specific acquired disorders. Pediatric anesthesia and surgery provide care to 
patients from the 0.5 kg 24-week premature neonate to the 100 kg teenager. While “a 
child is not just a small adult”, the main difference and the anesthetic implication for 
older children lie mostly in the psychological issues as well as in issues of equipment-
size. For premature and term neonates as well as infants, drugs, equipment or 
technologies may not be available, formally approved or scientifically validated. The 
difference in physiology of the neonate and infant from the physiology of older children 
and adults is characterized by immaturity of the function of all organs and systems 
(central nervous, cardiovascular, respiratory system, renal, hepatic, endocrine, 
metabolic, gastrointestinal function, pharmacology, immunology, hematology), all of 
which need to be considered by the pediatric anesthesiologist during anesthesia in 
this patient population.
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4   1 Anesthesia and analgesia for thoracic surgery

1.2.4 Preoperative evaluation and workup

The typical evaluation and workup will include all aspects of the history and physical 
exam, with focus on the thoracic pathology in question, specifically any respiratory 
symptoms and distress, stridor and any signs or symptoms indicating difficult airway 
management or risk of respiratory obstruction during anesthesia and surgery. Most 
studies will have been ordered by surgeons and pediatric specialists but should be revie-
wed by the pediatric anesthesiologist, including chest x-ray, computed tomography 
(CT), magnetic resonance imaging (MRI), angiograms, ventilation/perfusion scans, 
cardiologic studies, lung function tests, laboratory results, cultures and biopsies. Of 
particular importance is consultation with other pediatric specialists such as pediatric 
pulmonologists, cardiologists, hematologists, oncologists, endocrinologists and radio-
logists to optimize preoperative workup, evaluation, management and communication.

Especially in younger children with limited cooperation, many types of studies 
such as lung function tests may not be possible at all. Others such as CTs, MRIs, 
angiographies or biopsies will require the involvement of the anesthesiologist for 
sedation or anesthesia. To provide the patient with a safe anesthetic and a satisfac-
tory study, requesting service, surgeon, radiologist and anesthesiologist should com-
municate before the study to understand each other’s concerns and objectives. While 
case to case assessment and discussion are important, agreeing on a protocol across 
departments allows input from all specialties ahead of time and decreases case to 
case confrontation. Protocols appear reasonable for imaging studies in patients with 
anterior mediastinal masses or tracheomalacia. Early involvement has the advantage 
of familiarizing the anesthesiologist with the patient’s airway anatomy and manage-
ment and physiologic response to anesthesia prior to major thoracic surgery.

1.2.5 Intraoperative monitoring

Standard monitoring includes electrocardiogram (ECG), non-invasive blood pressure 
(NIBP), pulse oximetry, patient temperature, inspiratory oxygen concentration (FiO2) 
and end-tidal CO2 concentration (ETCO2). It may be difficult to establish all monitors 
prior to induction in children.

Invasive arterial monitoring allows arterial blood gas sampling and immediate 
recognition of hemodynamic effects of surgical retraction, mechanical arrhythmias 
or air embolism. It is indicated in lobectomy or pneumonectomy, in thoracic tumor 
resections, major neonatal thoracic surgery for congenital diaphragmatic hernia or 
TEF repair, in infant thoracoscopy or for the patient’s general medical condition. 
Lung isolation in itself is not an indication for placement of an arterial catheter, and 
it may not be necessary for simple lung wedge resections or biopsies, thoracoscopic 
pleurodesis or pectus repair. Risks include ischemic complications from local skin 
necrosis to loss of an extremity. Placement aids for small patients are transillumina-
tion, Doppler and more recently ultrasound.
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 Central venous pressure monitoring may not be reliable in situations of an open 
chest, retraction of cardiovascular structures and capnothorax but may have a place 
for perioperative monitoring. A central venous catheter also serves as secure periope-
rative venous access and for the administration of vasoactive agents and should be 
considered whenever their need is anticipated.

Pulse oximeters, arterial catheter and blood pressure cuff are distributed over 
several extremities. In neonates, pre- (right arm) and post-ductal (lower extremity) 
oxygen saturation should be monitored to detect right to left shunting across the 
ductus arteriosus. Electroencephalographic monitors are available for anesthe-
tic depth, seizure and ischemia monitoring. Transesophageal echocardiography is 
available for children, non-invasive cardiac output monitors are being evaluated, 
pulmonary arterial catheters are used less commonly in the pediatric population.

Cerebral blood flow can be monitored via transcranial Doppler, and near-infrared 
spectroscopy (NIRS) measures brain oxygenation. In particular cerebral or somatic tissue 
oxygenation monitoring is rapidly gaining importance and popularity, since hemodyna-
mic parameters alone do not reflect actual end organ supply. Intraoperative decreases 
of regional brain oxygenation must be responded to promptly by improving hemodyna-
mics and cerebrovascular perfusion but also by correcting surgical maneuvers such as 
retraction, increased intrathoracic pressure or hypercarbia from CO2 insufflation.

1.2.6 Lung isolation and one lung ventilation in children [5, 6]

Indications for lung isolation with double lumen tubes include protection of one lung from 
bleeding or contamination from the other lung and bronchopleural fistula with inability 
to ventilate. More commonly, the indication for lung isolation is a relative indication to 
provide an immobile surgical field, in particular for surgery of the lung and thoracoscopic 
surgeries. While double lumen tubes are not available for small children, non-ventilation 
of one lung may be achieved with bronchial blockers and main stem intubation. Both 
can easily dislodge, initial deflation of the non-ventilated lung may be delayed, and easy 
re-expansion and re-isolation of the non-ventilated lung may not be possible. This isolation 
technique can be time consuming and requires patience by surgeon and anesthesiologist. 
For non-pulmonary thoracic surgery, surgical immobilization of the lung by retraction or 
packing and creating a capnothorax for thoracoscopic surgery is therefore often applied.

Main stem intubation is achieved over a flexible or rigid bronchoscope or with 
fluoroscopic guidance. The main stem bronchi are smaller than the trachea and a 
smaller or uncuffed tube is selected for successful endobronchial intubation. The 
proximity of the right upper lobe bronchus to the carina (Fig. 1.2.1; 1.2.2) makes this 
technique less successful for ventilating the right than the left lung, as loss of the right 
upper lobe ventilation may result in unacceptable desaturation. However, ventilating 
the left lung via main stem intubation with non-ventilation of the right lung is quite 
successful due to the length of the left main stem bronchus and left main stem intu-
bation is practiced widely for right thoracoscopic surgery.
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8   1 Anesthesia and analgesia for thoracic surgery

Fig. 1.2.1: Bronchoscopic view of the distal 
trachea and carina of an infant with the right 
upper lobe bronchus coming off the trachea (pig 
bronchus).

Fig. 1.2.2: Chest CT of an infant showing 
proximal take-off of the right upper lobe 
bronchus.

Fig. 1.2.3: Placement of an extraluminal bronchial 
blocker: Fiberoptic bronchoscopy through the 
adjustable lumen port of the triple port adaptor 
of an Arndt Endobronchial Blocker while the 
bronchial blocker is entering the airway parallel 
to the endotracheal tube.
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1.2 Anesthesia for pediatric thoracic surgery   9

Bronchoscope port
for adult size 
bronchoscope

Ventilator port

A

Bronchial blocker
cu	 inflated
in the left
main stem bronchus

Loop

Cu	ed endotracheal
tube in the trachea

Adjustable valve port
for bronchial blocker
when placed inside the tube

Bronchial blocker 
placed outside 
the tube

Bronchoscope
placed through
adjustable valve
port

Fig. 1.2.4: Depiction of the extraluminal placement of a bronchial blocker in infants and young children. 

Bronchial blockers, for example the Arndt endobronchial blocker from Cook or the 
Uniblocker from Fuji, available in 5, 7 and 9 French (F), or Fogarty catheters in sizes 
2, 3 and 4 F can be used for lung isolation [7]. The bronchial blocker can be placed 
outside the endotracheal tube in infants and young children (Fig. 1.2.3; 1.2.4). 
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10   1 Anesthesia and analgesia for thoracic surgery

Although the blocker naturally enters the right main stem more readily, it can be 
directed into the left main stem under fiberoptic control (supplementary video 
online). Due to the longer left main stem, lung isolation is more likely to be successful 
with a blocker in the left main stem, allowing ventilation of the right lung and non-
ventilation of the left lung (Fig. 1.2.5; 1.2.6). Conversely, placement of the bronchial 
blocker into the right main stem is more likely to result in incomplete lung isolation 
due to the proximity of the right upper lobe bronchus to the carina, or in dislodge-
ment of a very proximally placed blocker into the trachea with loss of isolation and 
obstruction to ventilation via the endotracheal tube. In older patients, use of the 
bronchial blocker through the endotracheal tube is the recommended technique. The 
9 F Rüsch® EZ-Blocker™ with two balloons is an option not available in pediatric 
sizes at this time.

Fig. 1.2.5: Endobronchial blocker placed outside 
the endotracheal tube and entering the right 
main stem bronchus of an infant.

The Univent™ Inoue tube from Fuji has a channel for a bronchial blocker  
incorporated into the wall of the tube. Even though pediatric sizes are available, they 
appear to have an unfavorable ratio between inner and outer diameters: the “3.5 ID” 
uncuffed tube has a 7.5–8 mm outer diameter, the “4.5 ID” cuffed tube 8.5–9 mm. 
These tubes therefore are only suitable for older children and adolescents.

Double lumen tubes are commercially available from size 26 F. This smallest 
tube fits patients above 8 years of age, 30 kg weight and 130 cm height [8]. Marraro 
custom-made a double lumen tube for neonates and infants, which consists of two 
attached small tubes, and some practitioners have used two separate small tubes for 
selective lung ventilation in infants.

Video showing the placement of extraluminal 5F bronchial blocker into the left 
main stem bronchus of an infant guided with 2.2 mm fiberoptic bronchoscope.
https://www.degruyter.com/view/supplement/9783110419825_placement_
bronchial_blocker.mp4 
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1.2 Anesthesia for pediatric thoracic surgery   11

Lastly, if lung separation is necessary but technically not possible, the use of ECMO 
or cardiopulmonary bypass has been reported, for example for whole lung lavage 
in infants and small children.

1.2.6.1 Surgical capnothorax
Commonly, pediatric thoracic surgeons insufflate CO2 into the pleural cavity, crea-
ting a surgical capnothorax to improve the work space for thoracoscopic procedures 
and to accelerate lung collapse of the non-ventilated lung. Hypercarbia results from 
increased CO2 absorption and impaired ventilation due to decreased compliance and 
formation of atelectasis of the ventilated dependent lung. Capnothorax and hyper-
carbia have been shown to be associated with decreased cerebral blood flow, decre-
ased cerebral oxygenation and severe acidosis in thoracoscopic repair of congenital 
diaphragmatic hernia (CDH), although increased cerebral oxygenation has also been 
seen, likely related to hypercarbia induced cerebral vasodilation. NIRS monitoring of 
cerebral oxygenation is indicated. Increased intrathoracic pressure can also result in 
decreased venous return with hypotension and increased venous bleeding [9, 10, 11].

Generally, in neonates and in patients with successful lung isolation, pressures of 
2–3 cm H2O should suffice, occasionally pressures of 4–5 cm H2O may be helpful. Only 
on rare occasions do pressures need to be increased above 5 cm H2O, for example to 
assist in reducing abdominal content during thoracoscopic CDH repair. This should 
be temporary and always be discussed between surgeon and anesthesiologist who 
will monitor ventilation, oxygenation and hemodynamics. These higher pressures 
may be tolerated hemodynamically while they are immediately noticeable through 
worsening compliance and hypercarbia.

Occasionally, the surgeon will flush CO2 through the pleural cavity to scavenge 
electrocautery smoke without actually establishing pressure. This is tolerated well 
with less hypercarbia, but may result in more temperature or moisture loss. CO2 insuf-
flators with the capability to warm and humidify the insufflated CO2 are available.

Fig. 1.2.6: Chest x-ray of an infant showing 
endobronchial blocker in the left main stem 
bronchus (1), epidural catheter and epidural 
contrast (2), endotracheal tube in the trachea (3), 
and temperature probe in the esophagus (4).
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12   1 Anesthesia and analgesia for thoracic surgery

1.2.6.2 Ventilation during one lung ventilation
Decompression of the non-ventilated lung in main stem intubation and with 
bronchial blockers may be slow. Use of 100% oxygen or oxygen/nitrous oxide prior 
to isolation rather than oxygen/air accelerates lung collapse through the faster 
absorption of oxygen and nitrous oxide than nitrogen from the non-ventilated 
lung.

Pressure control ventilation is preferred over volume control ventilation to 
optimize tidal volumes while limiting ventilation pressures. Peak inspiratory 
pressures (PIPs) are chosen to achieve a desirable tidal volume of 5–8 ml/kg. 
Especially with the use of bronchial blockers, PIPs should be limited due to the 
risk of exceeding balloon seal and trapping ventilation in the non-ventilated 
lung. Positive end expiratory pressure (PEEP) of 3 to 5 cm H2O helps to reduce the 
risk of atelectasis in the dependent/ventilated lung due to positioning, surgical 
compression and capnothorax.

Intraoperative hypercarbia is managed with limited increase in tidal volume 
by increasing peak inspiratory pressure or inspiratory time, and by increasing res-
piratory rate. Minimizing dead space and using low-compliance circuits may prove 
beneficial. Intraoperative flexible fiberoptic bronchoscopy, for example during tra-
cheopexy, increases resistance to ventilation and may need to be limited if hyper-
carbia is difficult to manage. If CO2 elimination by ventilation is difficult, avoiding 
patient hyperthermia helps limiting endogenous CO2 production from increased 
patient metabolism. As CO2 insufflation into the pleural cavity by the surgeon is the 
major contributor of hypercarbia during thoracoscopy, limiting insufflation pressures 
or avoiding insufflation is the best option to reduce hypercarbia.

In the absence of other contraindications to hypercarbia such as pulmonary 
hypertension or need for low pulmonary vascular resistance (Fontan circulation), 
some degree of temporary permissive hypercarbia may be reasonable and tolerated, 
but the degree of acceptable hypercarbia remains undefined. paCO2 below 50 mm Hg 
is likely unproblematic and up to 60 mm Hg probably acceptable. It is important to 
correlate endtidal CO2 with paCO2 to be able to track changes.

1.2.6.3 Physiology of one lung ventilation [12]
When lung isolation is initiated and one lung ventilation commences, the non-ventilated 
lung initially remains perfused and the oxygen in the lung gradually is absorbed. Due 
to their higher oxygen requirement and lower oxygen reserve in the lung, this process 
is markedly shorter in infants and small children than in older patients, similar to the 
apnea time in infants. With the complete removal of the alveolar oxygen, shunting 
becomes obvious and oxygen desaturation can be noted. Hypoxic pulmonary vaso-
constriction HPV is activated, resulting in a decreased perfusion of the non-ventilated 
lung and a reduction in the shunt fraction. Oxygenation and oxygen saturation improve 
again. Degree and duration of desaturation are variable, but transient desaturation into 
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1.2 Anesthesia for pediatric thoracic surgery   13

the 80s is not uncommon even while ventilating with 100% oxygen. Ample literature 
discusses influences on HPV with opportunities for intervention in adults. This is less 
well documented in children. In general, vasodilators including inhalational agents 
may impair HPV and intravenous anesthesia has been considered favorable for main-
taining HPV and decreasing shunting. High PEEP or mean airway pressures may divert 
blood flow from the ventilated to the non-ventilated lung.

Intraoperative desaturation in pediatric thoracic anesthesia is managed similar 
to adults. Inspiratory oxygen concentration is increased and normoventilation is att-
empted. Lateral positioning, padding, surgical retraction and pressure may result in 
intraoperative atelectasis of the ventilated dependent lung and contribute to pulmo-
nary desaturation. Gentle recruitment breaths can be attempted remembering the pos-
sible loss of lung isolation when bronchial blockers or main stem intubation are used 
and the ventilation pressures exceed the cuff pressure. PEEP is added to the dependent 
lung or increased. Secretions or blood may block the airway. However, suctioning any 
pediatric endotracheal tube and in particular suctioning during one lung ventilation 
may result in rapid desaturation, which may be slow to recover. Double lumen tubes 
and some bronchial blockers allow upper-lung CPAP (continuous positive airway 
pressure) and recovery of oxygenation albeit at the price of a distended lung which 
may not please the surgeon. Nitric oxide may improve ventilation/perfusion matching 
of the dependent lung. Changing the anesthetic to an intravenous technique supports 
HPV in adults. Finally, clamping of the pulmonary artery, especially when lobectomy 
or pneumonectomy are performed, (temporarily) aborting one lung ventilation, and 
considering ECMO or cardiopulmonary bypass would restore oxygenation.

1.2.7 Anesthetic implications for specific disorders 

1.2.7.1 Congenital lung lesions in neonates and infants
These lesions can overlap and are congenital pulmonary airway malformation (CPAM, 
connected to the airway), including previously termed congenital cystic adenomatoid 
malformation (CCAM), pulmonary sequestration (PS, not connected to the airway, 
systemic blood supply), congenital lobar emphysema (CLE, connected to the airway 
with large bullae), bronchogenic and enteric duplication cysts (cysts not connected 
to the airway).

Expanding lesions in the neonate
Large or expanding congenital lobar emphysema or congenital pulmonary airway mal-
formation can cause mediastinal shift and respiratory distress or produce high output 
cardiac failure and may require urgent surgery in the neonate. Positive pressure venti-
lation increases the risk of further distention, but patients are often intubated preope-
ratively for respiratory distress, they may be on high frequency oscillatory ventilation 
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(HFOV) or may required ECMO. Nitrous oxide is avoided. If the patient is unstable, 
anesthesia time between induction and incision should be minimized and open repair 
should be pursued expeditiously. Surgical “rescue” during problems under anesthe-
sia is thoracotomy and delivery of the mass to allow the remainder of the lung to be 
ventilated. An arterial line and good venous access should be established and blood 
products should be available. Regional anesthesia may be placed postoperatively and 
the patient will be monitored in an intensive care unit (ICU) postoperatively.

Stable lesions
Most patients with congenital lung lesions are stable and elective thoracoscopic 
resection is scheduled in infancy [13]. Routine echocardiographic workup is not 
indicated. Postnatal imaging can help to characterize the lesion. Anesthesia induc-
tion can be performed by inhalation or intravenously. Positive pressure ventilation 
is of no concern in pure pulmonary sequestration and bronchogenic cysts without 
connection to the airway, but in patients with congenital pulmonary airway mal-
formation or congenital lobar emphysema, positive pressure ventilation should be 
carried out gently, as these lesions could still expand. Solid venous and arterial 
access is indicated especially for lobectomy, pneumonectomy, resection of pul-
monary sequestration with blood supply from the aorta, and any thoracoscopy in 
neonates and infants. Bleeding, air embolism and inadvertent tension capnothorax 
are specific risks. Lung isolation via main stem intubation or bronchial blocker is 
helpful. Regional anesthesia can be added for intra- and postoperative analgesia. 
Postoperative monitoring of respiratory sufficiency and pain control should occur 
in an ICU for young patients.

1.2.7.2 �Esophageal atresia and tracheo-esophageal fistula repair in the 
neonate [14, 15]

The most common variants of congenital tracheo-esophageal anomalies and the most 
relevant for anesthesia management are pure esophageal atresia (EA), proximal EA 
with distal TEF, and H-type fistula between trachea and esophagus. Patients with EA 
may have polyhydramnios on prenatal ultrasound and postnatally present with coug-
hing and signs and symptoms of aspiration when feeding. A nasogastric tube will 
fail to pass into the stomach and can be seen curled in the proximal esophagus on a  
chest x-ray.

The high association of tracheo-esophageal anomalies with other congenital 
anomalies such as congenital heart disease and VACTERL association (vertebral, ano-
rectal, cardiac, tracheo-esophageal, renal, limb abnormalities) makes a preoperative 
workup advisable. An echocardiogram is performed to exclude or define congenital 
heart disease and to identify the position of the aortic arch (left arch, right thoracic 
approach and vice versa). A babygram will be evaluated for gas in the stomach and 
intestines (presence of a TEF), pulmonary infiltrates, heart size, vertebral anomalies or 
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the double bubble of duodenal atresia. Duodenal atresia or imperforate anus require 
additional procedures at the time of a TEF repair (duodenal atresia repair, gastros-
tomy, colostomy). Workup for renal pathology and spinal anomalies are often delayed 
until after TEF repair.

Tracheo-esophageal fistula (TEF)
Patients with pure EA (gas free abdomen) can be subjected to positive pressure ven-
tilation as necessary. In the presence of a TEF, the abdomen is gas filled and pro-
nounced gastric distention may exist, if positive pressure ventilation was performed 
during neonatal resuscitation. The patient should not be intubated electively preope-
ratively, spontaneous respirations should be maintained as long as possible. Posi-
tive pressure ventilation during anesthetic management can similarly distend the 
stomach, impair diaphragmatic excursion, limit ventilation and result in hypercar-
bia and desaturation. Management varies by institution, and anesthesiologist and 
surgeon should discuss their plans preoperatively.

One possible approach is to induce anesthesia maintaining spontaneous res-
pirations. Topical anesthesia is administered to the vocal cords and to supra- and 
infraglottic structures with direct laryngoscopy, keeping the maximum allowed local 
anesthetic dose in mind. Number and location of the fistula(s) is then identified by 
(rigid) bronchoscopy. If the fistula is located distal in the trachea or at the level of the 
carina, a Fogarty catheter can be passed through the fistula into the stomach, inflated 
and withdrawn (Fig. 1.2.7; 1.2.8). This provides some intraoperative guidance to the 
location of the fistula and at the same time a modest seal if low pressure positive pres-
sure ventilation is performed. If positive pressure ventilation has resulted in massive 
gastric distention, gastrostomy tube decompression may be required. TEFs higher in 
the trachea can be occluded by a 3.0 mm inner diameter (ID) cuffed endotracheal 
tube. If right thoracoscopic TEF repair is planned, the left main stem bronchus is intu-
bated with a 3.0 mm ID uncuffed endotracheal tube.

Fig. 1.2.7: Bronchoscopic view of the carina with 
a tracheo-esophageal fistula.
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At least two peripheral intravenous lines (iv) and ideally an arterial catheter are placed 
for anesthetic management. A 10% dextrose containing electrolyte solution is infused 
at a maintenance rate with drips including dopamine as indicated, while additional 
fluids, colloids and blood products can be administered through the second iv. The 
patient will be placed in a left lateral position for the right thoracotomy and in an 
exaggerated left lateral position for thoracoscopic repair of a TEF with a left sided  
aortic arch. Pre- and post-ductal pulse oximetry and brain oxygenation monitoring 
(NIRS) are added to standard monitors.

Intraoperative events to be expected include desaturations, hypercarbia, hypo-
tension and arrhythmias, related to endotracheal tube migration, surgical compres-
sion of airway, lungs, heart and venous return, or airway obstruction by blood and 
secretions. The surgeon may request manipulation of the Fogarty catheter or of an 
oro- or nasogastric tube under the drapes.

To minimize the time before ligation of the fistula, regional anesthesia or central 
line placement may be performed postoperatively. In the absence of contraindica-
tions such as vertebral anomalies on the babygram, epidural catheters, commonly 
in this age as caudal catheters threaded to the appropriate thoracic level, or paraver-
tebral catheters may be offered for postoperative analgesia. Although extubation at 
the end of the surgery can be considered after uneventful surgery in stable neonates, 
brief postoperative ventilation in the NICU after several hours of thoracic surgery with 
lung collapse in a just hours old neonate seems reasonable. In the presence of a new 
esophageal anastomosis or tracheal fistula ligation, reintubation may be anxiety pro-
voking to the anesthesiologist, surgeon and neonatologist.

Long gap esophageal atresia
In long gap esophageal atresia, primary anastomosis of the esophageal ends is not 
feasible or successful. Patients need the proximal esophageal pouch drained tem-
porarily via an oral or nasal Replogle-type suction tube, or longer term via a cervical 

Fig. 1.2.8: Bronchoscopic view of a Fogarty 
catheter entering the tracheo-esophageal fistula.
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spit fistula. A gastrostomy provides access for enteral feeding. Surgical approaches 
to long gap esophageal atresia repair include various techniques of esophageal stret-
ching maneuvers, interposition of stomach, jejunum or colon or growth induction 
with open or thoracoscopically placed internal or external traction to the proximal 
and distal esophageal pouches over days and weeks with eventual esophageal anas-
tomosis.

Typically at the time of surgical repair of long gap esophageal atresia, any tracheo-
esophageal fistula has been closed and positive pressure ventilation on induction is not 
concerning, but mask ventilation may be technically challenging in the presence of a 
cervical spit fistula. Anesthetic management concerns are directed at coexisting pathology 
(congenital heart disease), problems with access after multiple surgeries, bleeding due 
to adhesions, positioning problems related to long surgical times in the lateral position. 
Injury to lung, esophagus and airway are possible and intraoperative fiberoptic control 
of the airway may be requested. Not uncommonly patients remain intubated and are 
ventilated postoperatively to prevent tension on the anastomosis. Regional anesthesia 
may be helpful in reducing systemic analgesics required for sedation.

Esophageal anastomoses are at risk for dehiscence or stricture formation and not 
uncommonly these patients return to the operating room for esophagoscopy and eso-
phageal dilations.

H-type tracheo-esophageal fistula
If the esophagus is primarily intact or has been repaired, fistulae connecting trachea 
and esophagus may exist which are termed H-type fistulae. They present in the neo-
natal period or later with ongoing aspiration in patients with esophageal continuity. 
Preoperative barium studies and esophagoscopy and bronchoscopy under anesthesia 
provide the diagnosis. The fistula size is typically smaller and positive pressure ven-
tilation is not usually a problem. A cuffed endotracheal tube may be able to occlude 
or exclude the H-type TEF, since it is often located higher in the trachea and esopha-
gus. H-type fistulas may even be repaired through a neck incision in which case inva-
sive monitoring is not always necessary. Patients are still at risk for congenital heart 
disease and other malformations of the VACTERL association. Given the less invasive 
surgery, patients can commonly be extubated postoperatively.

1.2.7.3 Aortopexy and tracheopexy
Tracheo-broncho-malacia or tracheobronchial compression may be part and result of 
congenital tracheo-esophageal abnormalities or exist independently. They typically 
present in infancy with respiratory symptoms from noisy breathing and stridor to 
acute life threatening events, ALTEs, with severe airway obstruction, cyanosis, respi-
ratory and cardiac arrest. Level and extent are diagnosed during bronchoscopy with 
spontaneous respiration and with dynamic airway CT. Airway collapse is worse with 
turbulent airflow such as during agitation on anesthesia emergence. Sedation, conti-
nuous positive airway pressure and positive pressure ventilation are beneficial.
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Aortopexy [16] is performed in the lateral position through a (left) lateral or ante-
rior thoracotomy or (left) thoracoscopy, or in the supine position through an upper 
sternotomy: the ascending aorta is “pexed” to the sternum, the anterior fixation of the 
aorta is expected to pull on the anterior trachea, opening and stabilizing its lumen. 
Posterior tracheopexy [17] is performed in a (left) lateral position through a (right) 
lateral thoracotomy: the tracheal lumen is enlarged and stabilized by attaching the 
posterior trachea posteriorly to the spine.

Intraoperative monitoring for these procedures should include invasive arte-
rial blood pressure monitoring in an upper extremity, pulse oximetry monitoring on 
several extremities in addition to standard monitoring. Good venous access is manda-
tory, blood and resuscitation drugs should be available in the operating room. NIRS 
monitoring is used to monitor cerebral perfusion and oxygenation. Lung isolation will 
be useful in thoracoscopic procedures, but intraoperative fiberoptic assessment of the 
tracheo-bronchial lumen is required with all techniques to document the effect of the 
procedure and assist in defining the necessary extent of the surgery.

Intraoperative complications include surgical retraction or compression of cardi-
ovascular structures resulting in decreased venous return, hypotension and arrhyth-
mias, compression of aorta or its branches with hypertension or impaired cerebral 
blood flow. Acute and potentially massive bleeding is possible. Lung retraction may 
result in desaturation and hypercarbia. While eventually the airway diameter will 
increase and the stability improve, intraoperatively there may be continued airway 
compression and collapse as well as airway injury and bleeding.

Postoperative disposition should be to an intensively monitored setting to watch 
for cardiorespiratory changes and compromise. In small patients, not uncommonly 
airway swelling may initially result in increased stridor and airway compromise. 
Steroids should be considered intraoperatively and racemic epinephrine nebulization 
may reduce airway swelling after extubation. Postoperative echocardiography should 
document unimpaired cardiac function. Depending on the surgical approach, 
postoperative analgesia can utilize regional analgesia or intravenous opioids.

1.2.7.4 Congenital diaphragmatic hernia repair in neonates [18]
Neonatal congenital diaphragmatic hernia (CDH) through the posterolateral defect 
of Bochdalek may be associated with ipsi- (and contra-) lateral pulmonary hypopla-
sia and pulmonary hypertension, right to left shunting through the ductus arteriosus 
with desaturation, right heart failure and potentially poor outcome. Management of 
this type of CDH is complex and includes early intubation, spontaneous respiration 
with neonatal pressure support ventilation and permissive hypercarbia, adjuvant 
treatment with pulmonary vasodilators and nitric oxide, vasopressors, high fre-
quency oscillatory ventilation and even placement on ECMO. Surgery may proceed 
after 24 hours of cardiorespiratory stability or while on ECMO. Open CDH repair is 
abdominal surgery with subcostal incision; minimally invasive CDH repair is typically 
by thoracoscopy. Patient selection for thoracoscopic CDH repair may be controversial 
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between anesthesiologist and surgeon, but stable cardiorespiratory support with 
dopamine, milrinone and nitric oxide at low levels may not be a contraindication. 
Surgical duration is longer than with an open repair. Leaving the patient on the neo-
natal ICU ventilator for transport and during surgery minimizes ventilatory instabi-
lity. Invasive arterial monitoring is indicated and a central line for administration of 
vasoactive agents is useful. Pre- and post-ductal pulse oximetry is mandatory. All pre-
operative infusions are continued. Dopamine and epinephrine drips and blood pro-
ducts should be readily available. Patient positioning for thoracoscopic CDH repair 
is lateral decubitus with the arm over the head. Intraoperative access to the patient 
will be near impossible. Anesthesia is by intravenous opioids, benzodiazepines, keta-
mine, dexmedetomidine or inhalational agents, if on an anesthesia ventilator, and 
muscle relaxation. Lung isolation is not usually necessary as the ipsilateral lung is 
hypoplastic and of low compliance. A contralateral pneumothorax should be suspec-
ted if there are abrupt intraoperative difficulties with oxygenation or ventilation. Sur-
gically, insufflation for the thoracoscopy starting at 3 to 5 cm H2O is often utilized to 
create a working space inside the chest, however, occasional increase in insufflation 
pressure to up to 10 cm H2O facilitates reduction of abdominal contents from the chest 
into the abdomen. This is frequently associated with hypercarbia and respiratory aci-
dosis although patients may remain hemodynamically remarkably stable. If spleen 
or liver have herniated into the chest, there is a risk of bleeding from injury during 
their reduction. Attention should be directed at avoiding anything that might aggra-
vate pulmonary hypertension including light anesthesia, hypothermia and metabolic 
acidosis. Neonates with true CDH will be ventilated postoperatively to monitor for 
cardiorespiratory stability.

Many other forms of diaphragmatic hernia come to the operating room for repair. In 
patients outside the neonatal age, pulmonary hypertension is less likely. These patients 
may have respiratory symptoms or an incidental discovery of a diaphragmatic hernia. 
They are more likely to have an anteromedial defect of Morgagni, eventeration of the 
diaphragm, intestinal herniation through a hiatal hernia, or a traumatic diaphragmatic 
hernia. Their repair may be laparoscopically, thoracoscopically or by open repair.

1.2.7.5 Pectus excavatum repair [19]
With a risk of long term restrictive lung disease and consecutive pulmonary hyper-
tension, pectus excavatum repair is medically indicated as well as cosmetically and 
psychologically desirable. Surgery is performed in adolescence and patients may be 
otherwise healthy, or can have connective tissue disease like Marfan’s syndrome. 
Electrocardiogram, echocardiogram, chest X-ray, pulmonary function tests and chest 
CT are typically part of the preoperative evaluation. Patients are supine for surgery 
and require good venous access and blood typing and screening.

Open repair (Ravitch–Welsh-Rehbein) involves a transverse incision on the ante-
rior chest wall, excision of cartilaginous ribs at multiple levels and sternal fracture to 
eliminate the anterior chest wall depression. A small “Adkins” bar keeps the sternum 
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in its new position. Pectus carinatum repair may be performed similarly with addi-
tional “shaving” of the protruding bony parts of sternum and/or ribs. Open pectus 
repair does not require lung isolation or invasive arterial blood pressure monitoring. 
Complications include mechanically induced arrhythmias, bleeding from an internal 
mammary vessel and pneumothorax. Postoperative pain is segmental corresponding 
to the ribs excised and the transverse sternotomy and is well covered by epidural 
analgesia. The Adkins strut is removed after a few months with a small lateral incision 
in a minor procedure under general anesthesia.

Minimally invasive pectus excavatum repair, the “Nuss” repair, involves thora-
coscopically guided dissection between heart and sternum to bring the correcting 
“Lorenz” bar across under the deformity which is then corrected by flipping the bar. 
A Rultract® Skyhook retractor assists in elevating the sternum during the dissection. 
Possible intraoperative complications are injury to heart, coronaries, pericardium, 
mammary vessels with risk of bleeding, coronary ischemia, pericardial tamponade, 
cardiac arrhythmias and cardiac arrest. Lung isolation is not usually required, surgi-
cal exposure is sufficient with gentle insufflation of CO2 at a pressure below 5 cm H2O 
and ventilation with low PEEP and tidal volumes. Invasive arterial blood pressure 
monitoring may be considered. Epidural catheters have been used for postoperative 
analgesia; recently, anecdotes of postoperative neurological problems have led some 
practitioners to use bilateral paravertebral catheters or systemic analgesia only. The 
Lorenz bar is removed after several years, at which time it will be quite impacted and 
its removal may be surgically challenging with risk of bleeding, cardiopulmonary 
injury and pneumothorax. Anesthesia management should include a safe airway, 
adequate vascular access and postoperative pain control.

1.2.7.6 Tumor surgery

Anterior mediastinal mass
Anterior mediastinal masses (AMM) are of major concern to the anesthesiologist 
because of the risk of cardiorespiratory impairment or collapse, spontaneously or fol-
lowing sedation, induction of anesthesia or muscle relaxation [20].

Common presenting ages for anterior mediastinal masses are infancy and 
adolescence. Typical pediatric tumors in the anterior mediastinum are lymphomas, 
thymomas, teratomas and other germ cell tumors. AMMs can compress trachea and 
bronchi, superior vena cava (SVC), heart and pulmonary artery (Fig. 1.2.9; 1.2.10). 
Patients may be asymptomatic and present with unrelated pathology or with enlarged 
extrathoracic lymph nodes, or they may be symptomatic with weight loss, sweating, 
dry cough or shortness of breath, in particular when lying down, have signs of “SVC 
syndrome” with vascular congestion of the head and arm and conjunctival swelling. 
There may be pleural and pericardial effusions. Patients may be at additional 
risk of tumor lysis syndrome at presentation or from initiation of treatment with 
chemotherapy or steroids.
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Fig. 1.2.9: Chest CT of an anterior mediastinal 
mass in a teenager causing displacement and 
near total obstruction of the trachea (arrow).
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Fig. 1.2.10: Chest CT of large anterior mediastinal 
mass obstructing large vessels and associated 
with pleural and pericardial effusions.

Patients with AMM present to the anesthesiologist for diagnostic imaging studies, 
biopsies, line placement and potentially for resection. Anesthetic management 
options depend on the mass, its size, location and symptoms, the patient and patient 
age and the procedure.

Preoperative evaluation and workup includes a history specifically of symptoms 
and their deterioration in the supine position and the physical exam for airway com-
pression and SVC syndrome. A chest X-ray gives first information of size, location of 
and airway compression by the mass. CTs can now be performed very quickly and 
may not require any type of sedation if minor motion artifacts are acceptable. A CT 
will further define the mass and its relationship to airway and cardiovascular struc-
tures. In cooperative patients, pulmonary function tests with peak expiratory flows 
in the sitting and supine position give important information about airway com-
pression by the anterior mediastinal mass. An echocardiogram looks for pericardial 
effusion, compression of the SVC, heart or pulmonary artery and ventricular func-
tion. Laboratory tests should include a blood count due to possible bone marrow 
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involvement with anemia and thrombocytopenia, as well as electrolytes, specifically 
potassium, uric acid, blood urea nitrogen and creatinine given possible tumor lysis.

In patients who are symptomatic and/or who have high degrees of airway com-
pression by imaging or peak expiratory flows, SVC syndrome, pulmonary arterial 
compression or cardiac tamponade physiology, general anesthesia and loss of spon-
taneous ventilation are generally avoided [21]. The safest approach to these patients 
needs to be discussed between all members of the team. Occasionally treatment  
ex juvantibus may be required if the patient is in distress. If the patient is stable 
but an anesthetic is considered life threatening for the patient, a procedure such as 
bone marrow biopsy, lymph node biopsy, needle biopsy or pleural tap under local  
anesthesia without or with minimal sedation may be possible in older and coope-
rative patients and may yield enough information for the oncologist. Deep sedation 
or general anesthesia for patients with large mediastinal masses should be titrated 
carefully to maintain spontaneous ventilation. Anesthetic options for spontane-
ously breathing patients include inhalational anesthesia, propofol infusion or keta-
mine, low dose remifentanil or dexmedetomidine infusions. Equipment for flexible 
fiberoptic intubation, rigid bronchoscopy, ECMO or cardiopulmonary bypass should 
be available when managing large mediastinal masses in the operating room. The 
potential benefit of returning to spontaneous respirations and changing patient 
position from supine to lateral or prone should be remembered if cardiorespiratory 
difficulties are encountered.

Thoracic neuroblastoma
Thoracic neuroblastomas and other thoracic neural crest cell tumors in children 
such as ganglioneuroma and ganglioneuroblastoma typically present as posterior 
mediastinal masses originating from the cervicothoracic sympathetic chain. With 
growth, they can compress the airway and large vessels, pushing them forward or 
encasing them. They need to be evaluated for their effect on airway and large vessels as 
do anterior mediastinal masses and careful induction with slow transition to positive 
pressure ventilation is recommended. Large masses will more likely be resected 
via thoracotomy. Lung isolation is more important for thoracoscopic resection of 
small masses. Apical masses may involve plexus and nerves and muscle relaxation 
is avoided to allow intraoperative nerve stimulation. Neuroblastomas extending 
into the spinal canal may be a contraindication to neuraxial blocks. Resection of 
large posterior mediastinal masses can jeopardize spinal cord blood supply and 
motor evoked potential monitoring is indicated. Catecholamines (most commonly 
dopamine) and catecholamine metabolites (normetanephrines) are often elevated 
at diagnosis. Patients are not always symptomatic from excess catecholamines and 
preoperative chemotherapy may reduce catecholamine secretion. Patients with 
high catecholamine levels or symptomatic patients should undergo preoperative 
alpha-adrenergic receptor blockade (phenoxybenzamine, doxazosin, prazosin), 
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adding beta-adrenergic antagonists or combined alpha/beta-adrenergic antagonists 
(labetalol) with tachycardia. Intraoperatively, even after blockade or in previously 
asymptomatic and unblocked patients, manipulation of the tumor can result in 
hemodynamic instability, and short-acting intravenous vasodilators (sodium 
nitroprusside) and beta-adrenergic antagonists (esmolol) should be readily available. 
Intraoperative monitoring with an arterial catheter, availability of blood and 
postoperative monitoring in an ICU should be considered.

Pulmonary malignancies
Primary pulmonary malignancies are rare in children. Surgical approach to resect 
pleuropulmonary blastoma depends on location and extent of the tumor and may be 
via thoracoscopic or open lobectomy or (extrapleural) pneumonectomy. Pneumonec-
tomy is rare in children and anesthetic considerations are directed at lung isolation, 
appropriate lines for monitoring and management, possibility of bleeding, judicious 
fluid management, risk of pulmonary hypertension and right heart failure with need 
for appropriate pharmacologic support, need for adequate pain control including 
regional anesthesia to assist in postoperative chest physiotherapy to clear secretions, 
and postoperative critical care monitoring.

More commonly, pulmonary metastases require diagnostic or therapeutic resec-
tion. Individual well-defined lesions are resected thoracoscopically. Resection of 
osteosarcoma metastases often is performed as an open procedure to allow palpa-
tion by the surgeon and removal of as many suspicious lesions as possible. Bilateral 
metastases require successive lateral thoracotomies with positioning change or ster-
notomy. Lung isolation with double lumen tube, EZ-Blocker™ or sequential place-
ment of a bronchial blocker in the two main stem bronchi is indicated. Despite the 
presence of a chest tube, a pneumothorax can occur on the first side during surgery 
on the second side. Epidural analgesia is appropriate for postoperative pain control. 
As in all patients with oncologic disorders, preoperative patient evaluation needs to 
specifically address the chemotherapeutic agents that were used and their common 
side effects, in particular cardiac, renal, hepatic function, bone marrow suppression 
and neuropathy.

Thymectomy
Thymectomy is performed for thymoma. Imaging studies are reviewed for its 
location, size and extension. Large thymomas need to be managed as anterior 
mediastinal masses but will require primary resection. Thymectomy is also 
offered in juvenile myasthenia gravis unresponsive to medical management 
with pyridostigmine, steroids and intravenous immunoglobulin [22]. Bulbar and 
ocular muscle weakness present with double vision and swallowing problems, 
generalized muscle weakness may result in problems with walking and breathing, 
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which are reflected in decreased pulmonary function tests. Plasmapheresis is used 
to optimize patients perioperatively. Pyridostigmine is continued at least to the day 
before surgery, management on the day of surgery varies, some neurologists hold 
it or give it orally, some intravenously. Intraoperative severe bradycardia can occur 
related to pyridostigmine medication, use of opioids, neuraxial blockade, vagal 
stimulation from intubation or mechanical cardiac irritation. Muscle relaxants are 
avoided in myasthenia gravis although not contraindicated. Good venous access 
and invasive arterial monitoring are indicated. The choice of anesthetic drugs for 
thymectomy in patients with myasthenia gravis seems to matter less than careful 
monitoring and postoperative respiratory and pain management. Thymectomy 
can be performed via sternotomy, thoracotomy, thoracoscopy or mediastinoscopy. 
Lung isolation is not necessary for thymectomy via sternotomy. By definition these 
patients will have muscle weakness postoperatively, but extubation at the end of 
the surgery may be considered. Careful thoracic epidural analgesia can be helpful, 
when additional weakness of thoracic muscles is weighed against the benefit of 
good pain control. Postoperative ICU placement appears prudent after thymectomy 
for myasthenia gravis for respiratory and pain monitoring and management as 
well as for observation for myasthenic or cholinergic crises. Clinical improvement 
of myasthenic symptoms may not become apparent until weeks after the surgery.

1.3 Perioperative pain management

Effective perioperative pain management is in the surgeon’s interest as much as in 
the patient’s. Particularly for thoracic surgery, it reduces perioperative respiratory 
complications from atelectasis or retained secretions and may allow for earlier extu-
bation and shorter ICU or hospital stay, resulting in overall better surgical outcome. 
The surgeon has an essential role in perioperative analgesia by supporting, if not  
participating in the process of it.
	 The principles of effective perioperative pain management include

–– preventive analgesia: preventing the pain response by early administration of 
loco-regional and systemic analgesics

–– multimodal analgesia: using multiple modalities of pain management including 
non-pharmacological as well as multiple pharmacological mechanisms

–– using loco-regional anesthesia including catheter techniques whenever possible
–– scheduled rather than only “as-needed” (prn) medication early after the surgery 

with a plan for rescue medication for break-through pain
–– ready access to pain management through pediatric pain services and patient/

nurse-controlled pumps for systemic or loco-regional analgesia
–– monitoring of pain control and side effects of analgesic regimens to minimize 

both inadequate pain control and complications from analgesia.
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1.3.1 Systemic analgesia

Many drugs are available for postoperative analgesia. Anesthesiologists and surgeons 
need to familiarize themselves with locally available drugs and the manufacturers‘ 
recommendations for dose, dosing interval or limitation of use, as well as with the 
side effect profile. While generally drugs from the same drug class, such as µ-agonist 
opioids or nonsteroidal anti-inflammatory drugs (NSAIDs), are to a degree compara-
ble, there may be differences in side effects, formulation, indication and occasionally 
efficacy so that switching from one drug to another in the same group may still be 
reasonable. As much as possible, different drug classes should be combined, more 
potent drugs (opioids) should dominate the early and “weaker” analgesics (parace-
tamol/acetaminophen) should be reserved for late postoperative pain control. Con-
sideration should be given to administering analgesics on a schedule immediately 
following surgery and changing to an “as needed” regimen only after the initial pain 
has been well controlled.

1.3.1.1 Available drugs
Acetaminophen/paracetamol is a common basic non-opioid, non-NSAID analgesic 
and antipyretic, available for enteral (oral, rectal) and parenteral (iv) dosing; with 
availability of the parenteral formulation, the rectal administration has lost its place 
in the hospital postoperative setting; it can be used over extended periods of time 
but the maximum daily dose, which can be as low as 30 mg/kg/d for premies and 
neonates, needs to be adhered to. It has no cardiorespiratory side effects but can be 
hepatotoxic.

NSAIDs (non-steroidal anti-inflammatory drugs: ibuprofen, diclofenac, keto-
rolac and others) are potent analgesic, antipyretic and anti-inflammatory drugs 
which work particularly well for perioperative inflammatory pain; some NSAIDs are 
available for parenteral application and have proven particularly helpful as adjunct 
analgesics in thoracic surgery to supplement regional anesthesia or to treat shoulder 
pain from positioning or from thoracoscopy as well as chest tube discomfort; renal 
toxicity, platelet inhibition and gastrointestinal problems are the main side effects; 
some pain protocols limit scheduled intravenous NSAIDs to a 48-hour period; alt-
hough NSAIDs are used in premies to promote closure of a persistent ductus arte-
riosus, use as analgesic in premies and neonates is limited by immaturity of renal 
function.

Metamizol is a potent non-NSAID-non-opioid analgesic. It is not available in all 
countries but has seen a resurgence even in children despite its potentially severe side 
effects (including agranulocytosis).

Acetylsalicylic Acid/Aspirin is used in children for management of Kawasaki 
disease, its analgesic use in children generally is avoided due to the risk of Reye’s syndrome.

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



26   1 Anesthesia and analgesia for thoracic surgery

Opioids such as the short-acting remifentanil, alfentanil, sufentanil and fentanyl 
are used intraoperatively, although some of them such as fentanyl patches may be 
indicated in chronic pain management. For postoperative analgesia, the longer acting 
opioids such as intravenous morphine, hydromorphone or piritramid are preferred. 
They can initially be ordered on a schedule, especially in the ICU setting, and also 
as a continuous infusion, or for suitable patients as patient-controlled analgesia 
(PCA). Most children over 6 years of age are able to use PCA pumps appropriately, in 
younger children, nurse-controlled analgesia pumps (NCA) are popular because they 
allow safe and frequent dosing of opioids directly at the patient’s bedside without 
the need to go, draw up and deliver the opioid dose. After the initial postoperative 
period with parenteral opioids, oral opioids such as oxycodone and oral morphine 
or hydromorphone are used. Codeine acts as an analgesic only after metabolism 
to morphine and this metabolism may be lacking or accelerated in some patients, 
making codeine for these patients either ineffective or increasing its risk for respiratory 
depression; its use in children is not recommended anymore; agonist/antagonist 
opioids like buprenorphine or tramadol are used in older children; pethidine/
meperidine is less popular in pediatric anesthesia due to its side effect profile.

NMDA receptor antagonists include the opioid methadone, the anesthetic keta-
mine and the electrolyte magnesium. Their analgesic effect is used intraoperatively, 
but also postoperatively, usually in combination with other analgesics; many studies 
have confirmed their efficacy at reducing postoperative opioid requirement.

Alpha-2-adrenergic agonists (clonidine and the more potent and more alpha-
2-selective dexmedetomidine) are analgesics with anxiolytic and sedative quality. 
They may have cardiovascular side effects like hypotension and bradycardia. 
Neuraxial clonidine in neonates has been associated with respiratory depression, 
but respiratory side effects are otherwise not expected with alpha-2-adrenergic 
agonists. Both can be given intraoperatively in patients who require an opioid free 
anesthetic, to reduce intraoperative opioid requirement and to prevent emergence 
delirium in children from anesthesia. Their beneficial respiratory profile make them 
suitable drugs to assist in postoperative analgesia of patients with obstructive sleep 
apnea. Dexmedetomidine is frequently used as a sedative in intubated and extubated 
children in the ICU. Clonidine is also a component of chronic pain management and 
weaning schedules.

Sedatives  such as benzodiazepines, although not analgesics, may be indicated 
in patients with high levels of anxiety or agitation, but in particular they can be part of 
the postoperative analgesic schedule in children who may suffer from muscle spasms 
following orthopedic or thoracic surgery with involvement of bones and muscles. 
Opioids or antihistamines such as diphenhydramine may be added for their sedative 
properties. For patients with spasticity, baclofen may be helpful. In the perioperative 
setting it is particularly important to continue its administration in patients already 
receiving the drug.
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Others: Gabapentin is a component of the multimodal cocktail offered preopera-
tively to patients undergoing orthopedic surgery and can be useful in thoracic surgery 
as well. Dexamethasone is used as an adjunct to systemic or regional analgesia.

1.3.2 Local-regional anesthesia

Loco-regional analgesia can prevent the painful stimulus from reaching the central 
nervous system, reducing the negative effects of pain such as development of chronic 
pain states, specifically after thoracic surgery. Agents used include

–– chlorprocaine as a short-acting local anesthetic is used particularly in neonates 
and infants for continuous infusions due to its reliable metabolic elimination

–– intermediate (lidocaine, mepivacaine, prilocaine) and long-acting (bupivacaine, 
levo-bupivacaine, ropivacaine, tetracaine) local anesthetics are the classic local 
anesthetics for perioperative use

–– very long-acting local anesthetics such as liposomal bupivacaine (Exparel®) or 
neosaxitoxin, a paralytic shellfish toxin producing local analgesia, are new and 
in use or under investigation in adults only

–– mixtures of shorter acting, fast onset with long-acting slow onset drugs
–– additives such as bicarbonate, epinephrine, clonidine, dexamethasone and 

opioids modify onset, duration and effect.

Especially in neonates, maximum allowed doses of local anesthetics such as bupiva-
caine and lidocaine may either be limited or reached quickly, so that drug doses need 
to be calculated to avoid overdoses and complications from local anesthetic injections.

1.3.2.1 Surgically placed loco-regional anesthesia
–– skin infiltration with local anesthetic before incision is one of the major surgi-

cal contributions to preventive and perioperative analgesia, as are local anesthetic 
infiltration of trocar and instrument tracks for thoracoscopic procedures. Additio-
nally, direct infiltration around visible nerves, or skin infiltration during closure of 
the surgical wound should be practiced routinely, if no formal regional anesthetic 
is performed or if additional volume of local anesthetic can safely be administered.

–– surgical nerve blocks such as intercostal nerve blocks under direct vision are easy 
and safe, they add minutes to the procedure while adding hours to the patient’s 
pain control. The needle is inserted as far posteriorly as possible, advanced under 
the rib until just external to the parietal pleura. After careful aspiration, a few mil-
liliter of local anesthetic are injected while observing from the inside as the local 
anesthetic creates a wheal under the pleura. The high risk for local anesthetic toxi-
city is reduced by careful aspiration and injection of a small volume at different 
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levels. The block is performed at multiple levels covering at least one or two levels 
above the highest and below the lowest incisional site as well as the chest tube site.

–– surgically placed catheters are for example subpleural or intrapleural cathe-
ters, and local anesthetic instillation through the chest tube has been used to 
assist with postoperative pain control, but they have a risk of high local anes-
thetic absorption and toxicity. Wound catheters placed into the wound during 
closure of an incision have proven effective for thoracotomy incisions [23].

1.3.2.2 Regional anesthesia
Anesthesia providers or regional anesthesia teams may offer epidural and paraverte-
bral blocks and catheters for thoracic surgery. Especially in children, all continuous 
catheter techniques require availability of a pain management service to follow the 
patients and respond to analgesic insufficiency, excessive blocks or complications on 
short notice.

Paravertebral blockade has been used in adults for many years as a land-
mark technique with risks including pneumothorax. With the introduction of ultra-
sound in regional anesthesia, paravertebral blocks have become safer and are used  
increasingly in pediatric pain management as well. Under ultrasound guidance, the 
paravertebral space is entered at one or several levels and local anesthetic is deposited 
and/or a catheter introduced for continuous local anesthetic infusion. Multiple der-
matomes can be covered by a single injection or catheter. Advantages of paravertebral 
blockade include safe placement under ultrasound guidance, one-sidedness of the 
block for one-sided surgery, lower incidence of hemodynamic effects due to lower risk 
of sympathetic blockade and avoidance of side effects of epidural blockade. There is a 
small failure rate of paravertebral blocks as well as a complication risk from epidural 
and intrathecal spread. Paravertebral blocks are popular for thoracoscopies or one-
sided thoracic procedures. Midline or bilateral procedures require bilateral blocks or 
catheters. High procedures involving T1 and higher dermatomes may require additio-
nal blocks such as supraclavicular, interscalene or cervical plexus blocks.

Epidural or peridural catheters remain the most established regional analgesia 
technique after thoracic surgery. In children they need to be placed under anesthesia, 
either by primary thoracic placement or they can be threaded from lumbar or caudal 
insertion sites to mid-thoracic levels. Placement should be verified by imaging with 
fluoroscopy, epidurogram (Fig. 1.2.6) or ultrasound. Infusion rate of the local anes-
thetic determines the spread, and opioids or clonidine are often added to increase 
the effectiveness. Spinal cord injury or dural puncture are risks, but rare with careful 
technique. Thoracic epidural local anesthetic can result in sympathetic blockade in 
older children with hypotension and some bradycardia. High spread of local anes-
thetic can cause Horner’s syndrome and harlequin phenomenon postoperatively. 
Pruritus, respiratory depression and urinary retention from epidural opioids, epi-
dural hematoma or infection, blockade of the wrong side or block failure are other 
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drawbacks. Epidural catheters are popular for bilateral or midline thoracic surgery 
including sternotomy as well as for thoracotomy and procedures requiring postopera-
tive chest tubes. Epidural catheters have good efficacy for open or minimally invasive 
pectus repairs and for chest wall resections.
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2 Approaches to the thoracic cavity

2.1 Introduction

Further development of technical devices facilitates surgical and interventional 
approaches in ever smaller intrathoracic structures. Jens Dingemann and Benno 
Ure provide an overview of the current status of video-assisted thoracoscopic surgery 
(VATS) and focus critically on the disadvantages and limitations of this technique. 
Despite the innovative and unstoppable shift away from conventional surgery that 
has been observed in recent years, open approaches to the thorax and mediastinum 
retain their importance, as described by Marcus Krüger and Taufiek Rajab. Their 
philosophy also involves consideration of surgical trauma reduction and is rounded 
off by valuable comments from Rolf Oerter

Bronchoscopy in small children represents a significant challenge, and inter-
ventional approaches are complex, as demonstrated by Nicolaus Schwerk and the 
commentators Jacques de Blic, Steve Cunningham and Hartmut Grasemann. 
Herein, it is important to stress that the treatment of those patients should ideally 
be restricted to specialized centers that are home to highly experienced interdisci-
plinary teams.

Marcus Krüger, Taufiek K. Rajab

2.2 Thoracotomy

In order to achieve optimal exposure and minimal damage to ribs, cartilages, 
muscles, intercostal nerves and the vasculature, several techniques and modi-
fications of thoracotomies have been developed. The intercostal approach is the 
common feature of all thoracotomies. In principle, three basically different variants 
of thoracotomies can be distinguished – anterior thoracotomy, posterolateral tho-
racotomy and lateral approaches probably best described as lateral muscle sparing 
thoracotomy. 

2.2.1 Anterior thoracotomy

Anterior thoracotomies are mainly used to control emergency situations. This refers 
to both cardiac emergencies and severe lung bleeding, such as after penetrating 
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trauma. Anterior thoracotomy facilitates access to both ventricles of the heart and 
to the descending aorta. Life-threatening lung bleeding may be controlled by hilar 
clamping via this approach. Moreover, anterior thoracotomy is widely used in lung 
transplantation. However, these indications are not within the scope of this book. 
Hereafter, posterolateral thoracotomy and the lateral approaches will be discussed 
in more detail.

2.2.2 Posterolateral thoracotomy

Posterolateral thoracotomy provides superb exposure of the organs within the 
ipsilateral hemithorax. Though posterolateral thoracotomy is associated with 
more extensive tissue damage and supposed to contribute to negative postopera-
tive sequelae [1], there is still uncertainty about the optimal location of the thora-
cotomy [1]. Standard posterolateral thoracotomy requires division of the latissimus 
dorsi muscle (LD), whereas the serratus anterior muscle (SA) can be mobilized 
without division. Although functional drawbacks of LD division are negligible, the 
loss of a major muscle for potential chest wall reconstruction in the future should 
be taken into consideration. In order to preserve the integrity of the LD a latissi-
mus sparing thoracotomy has been described. The muscle is mobilized by blunt 
dissection and then retracted allowing for a nearly similar exposure of the respec-
tive hemithorax. During dissection of the LD care is taken not to divide penetrating 
vessels. An additional dissection of the inferior border of the SA, after retracting 
the LA posteriorly, allows for a total muscle sparing thoracotomy within the third  
to 7th intercostal space [2]. Despite a slightly longer operation time the muscle 
sparing approach potentially provides several advantages, such as better lung 
function in the early postoperative period with reduced need for opioids and less 
musculoskeletal sequelae.

A variety of musculoskeletal sequelae are attributed to thoracotomies, in 
particular to posterolateral thoracotomy, in younger children: weak elevation of the 
ipsilateral shoulder, winged scapula secondary to injury of the long thoracic nerve, 
thoracic asymmetry secondary to atrophy of the SA, fusion of ribs and to some 
extent thoracic scoliosis. An association between thoracotomy at a young age and 
scoliosis is discussed, especially in older publications. However, scoliosis may be 
associated with the underlying diseases, rather than to the thoracic incision itself. 
Concomitant spinal deformity in patients with esophageal atresia or an extensive 
fibrotic process due to esophageal leaks and the necessity of several thoracotomies 
in patients with tracheoesophageal fistulas could serve as examples. In contrast, 
chest wall resection is associated with a significant risk for scoliosis development. 
This is especially true for rib resection involving the fifth or more cranial ribs.  
A comparable risk exists in case of rib fusion following thoracotomy. However,  
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a thoracotomy with uneventful postoperative healing does not seem to be associated 
with a higher risk of scoliosis [3].

2.2.3 �Lateral muscle sparing thoracotomy (anterolateral/anteroaxillary 
thoracotomy)

Recent research reveals evidence that higher pain scores after posterolateral tho-
racotomy compared to muscle sparing lateral approaches are triggered by more 
severe nerve damage [4]. Therefore, these neurophysiologic investigations support 
the authors preference for lateral/anterolateral approaches. A variety of different 
muscle sparing lateral approaches has been described, such as vertical thoracotomy. 
In fact, main differences are related to the angle and to the length of the skin incis-
ion. Despite the modern paradigm “small cut – big surgeon”, a too small skin inci-
sion should be avoided to prevent injury of the skin. Especially in case of excessive 
usage of the retractor, or even two retractors, impairment of skin healing is likely to 
occur. Landmarks for the skin incision in conventional lateral thoracotomy is a point 
somewhat above the inferior angle of the scapula and the inframammary crease  
(Fig. 2.2.1). The anterior border of the latissimus dorsi more or less predetermines the 
dorsal margin of the soft tissue preparation. Mobilization and dorsal retraction of the 
latissimus dorsi contributes little to extension of the approach, since the long tho-
racic nerve lies beneath the anterior border of the latissimus dorsi and injury to the 
long thoracic nerve should be avoided. To gain better exposure of the intrathoracic 
organs a steeper incision line is recommended. A gradually steeper incision results 
in anterolateral, anteroaxillary or vertical thoracotomies (Fig. 2.2.1). For vertical tho-
racotomies the skin incision follows the posterior axillary line slightly posterior to 
the anterior border of the LD.

Beside a better exposure of the intrathoracic organs, a steep incision line and 
according line of soft tissue preparation has another substantial advantage. In 
young female patients care must be taken to avoid breast and pectoral mal-develop-
ment [5]. This risk can be limited with a steep line of the skin incision followed by 
meticulous preparation of the pectoralis major (Fig. 2.2.1), provided a thoracotomy 
not higher than in the fourth intercostal space. However, a higher thoracotomy is 
rarely necessary. 

Alternatively, for younger children from birth until about 8 to 10 years the 
approach through the axillary skin crease (muscle sparing axillary skin crease inci-
sion (MSASCI) represents a promising option [6]. Especially in neonates and young 
infants this approach allows for a comprehensive operational exposure for a wide 
range of procedures including lower lobectomies [6]. In older children good access 
to the lung and the mediastinum via the third or fourth intercostal space is still 
possible.
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Fig. 2.2.1: Schematic diagram of skin incisions for different muscle sparing lateral approaches. 
A: conventional lateral thoracotomy; B: anterolateral thoracotomy; C: anteroaxillary thoracotomy;  
D: vertical thoracotomy. LD, latissimus dorsi muscle; PM, pectoralis major muscle; LTN, long thoracic nerve.

2.2.4 Closure of the thoracotomy with regard to postoperative pain

The appropriate technique of thoracotomy is the first step also in terms of avoiding 
post-thoracotomy pain syndrome (PTPS). However, closure of the thoracotomy seems 
of paramount importance regarding acute postoperative pain as well as long-term 
sequelae. The treatment of the PTPS is challenging even in the hands of specialized 
pain experts and with multimodal treatment schedules. Due to the difficulties in objec-
tifying pain, data concerning the incidence of PTPS and the benefit of prophylactic 
and therapeutic measures strongly vary. In fact, thoracotomy is one of the surgical 
procedures with the highest rates of chronic postoperative pain. The incidence is as 
high as 30% or even 50% in adult patients. In children, acute postoperative pain plays 
a more prominent role while chronic pain is less common. The precise pathogenesis  
of PTPS is still under debate. It can be assumed with a high degree of certainty that 
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both neuropathic and myofascial pain components play a decisive role. Actually,  
different factors contribute to an elevated risk of PTPS:

–– type and extent of surgery
–– intraoperative and postoperative analgesia
–– age of the children and underlying diseases
–– nerve damage due to the metallic thoracic retractor
–– damage of the intercostal nerve beneath the thoracotomy due to pericostal sutures 

Some of the above mentioned features can be influenced by the treating physicians. 
The extent of the surgical trauma can only be influenced with respect to the surgical 
approach as described in the preceding chapter. Analgesia is of great significance 
and is discussed in the respective chapter of this book. Damage of the intercostal 
nerve due to pressure of the retractor was thought to be one of the main triggers for 
postoperative pain in particular for chronic pain syndrome. Unfortunately, the imple-
mentation of minimally invasive approaches, where the retractor is omitted, did not 
lead to the predicted dramatic reduction in long-term pain. According to case series, 
harvesting of the intercostal bundles and taking them out of the operative field before 
inserting the retractor reduces chronic postoperative pain. 

Different technical alternatives for the re-approximation of the ribs aiming at 
reduced long-term pain have been described (Fig. 2.2.2). In the edge closure technique 
the suture is placed between the caudal edge of the distal rib and the related neurovas-
cular bundle. For safe preservation of the neurovascular structures usage of a large blunt 
needle is recommended. Before suturing the inferior edge of the rib and the back of the 
rib are carefully freed from intercostal tissue. Especially in infants and smaller children 
the distal suture may be placed subperiosteally (Fig. 2.2.2). Intracostal suture technique 
represents a third method to prevent strangulation of the neurovascular bundle beneath 
the distal rib (Fig. 2.2.2). The sutures are placed through small holes drilled through the 
bony part of the lower rib or of both ribs. The double edge technique allows for poten-
tial protection of both neurovascular bundles involved in a thoracotomy (Fig. 2.2.2). 
The sutures are placed through the thin area between neurovascular structures and the 
lower rib and similarly between neurovascular structures and the upper rib. Harvesting 
an intercostal muscle flap before inserting the retractor is another way to reduce the 
mechanic alteration of the upper and the lower intercostal neurovascular bundles.

For all the above mentioned techniques a significant advantage regarding reduced 
acute and/or chronic postoperative pain could be demonstrated in case series or even 
small randomized trials. However, the benefit under controlled conditions could not be 
proven for larger series or in routine surgical practice. Therefore, it is difficult to give a 
definitive generally valid recommendation. Since post-thoracotomy pain syndrome is 
one of the major concerns in thoracic surgery, any effort should be made to reduce the 
risk of chronic pain through optimal closure of the thoracotomy. We feel that approp-
riate analgesia within the early postoperative period is of great significance. Moreover, 
we apply local anesthetics into the intercostal space prior to the incision. The concept 
behind this is a potential reduction or even elimination of the pain memory. 
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Ralf Oerter

Comment

The authors reveal their broad and detailed expertise in the techniques of the various 
approaches to the respective compartments of the thoracic cavity by open surgery.

With regard to the different size ratio in the musculo-skeletal structures of the child 
at different ages, the choice of the best approach is crucial. This applies for postoperative 
musculo-skeletal function as well as for postoperative pain connected to the type of the 
surgical access and closure techniques. So it does in adults and even more so in children.

As to the problem of nerve damage related postoperative pain in posterolateral 
and lateral thoracotomy it might be helpfull to separate the latissimus dorsi muscle 
below the line of skin incision as much as possible. This not alone allows for a ten-
sionfree spontaneous retraction of the latissimus dorsi muscle without any need to 
keep the muscle out of the way by a retractor, jeopardizing the nervus thorakodorsa-
lis. It also preserves a greater portion of innervated muscle without remarkable loss of 
function after reinsertion. Likewise best exposure can be achieved by separating the 
serratus anterior muscle close to its insertion at the ventral thoracic wall, leaving a 
small portion of the muscle for subsequent reinsertion. The complete muscle can then 
be “rolled” easily on the thoracic wall cephalad to the intercostal line designed for 
access to the thoracic cavitiy, be it the sixth, the fifth or the fourth intercostal space. 
No tractor is needed with its intrinsic risk of damage to the nervus thoracicus longus.

A second “pain issue” is the technique of opening and closing the intercostal 
space. Practising in adult thoracic surgery I observed a dramatic decrease in post-
operative pain syndrome since I abandoned mid-line intercostal muscle incision 
with subsequent pericostal reconstruction on either side of the ICS with 4 to 5 thick 
single sutures. Often, in repeat surgery the respective ICS was blocked by substantial  
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Fig. 2.2.2: Re-approximation of the ribs after thoracotomy – technical variants aiming at reduced 
impairment of the neurovascular bundle (NB): A – pericostal; B – edge technique; C – double edge 
technique; D – transcostal (drilling holes through the rib).
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synossification of the ribs, hardly allowing for repat access to the thoracic cavity 
through the ICS of previous surgery.

In the new technique the intercostal layer is opened by subcostal disection pre-
serving both neurovascular bundle and muscle but not isolating those structures 
from one another. Reconstruction is then rendered by a thick monofil sling thread 
using a running suture technique catching the upper rib pericostally and the disected 
muscle of the ICS below with about 8 to 10 turns. As a result of this, easy and ana-
tomical reconstruction of the ICS is provided with little traction and friction force to 
periostal and muscular structures. Moreover, in cases of repeat surgery an ICS recon-
structed this way often shows normal width with the intercostal muscle layer still 
intact without any synostosis between the ribs, allowing for repeat access through the 
same ICS. Also, for the time we have been appliying this technique we can observe a 
drastic decrease in postoperative pain, both in intensity and duration.

These considerations are drawn from practice in thoracic surgery in adults. Yet 
they may contribute to aspects of how and where to go into a child’s thoracic cavity as 
profoundly discussed in Krüger’s and Rajab’s chapter.

Marcus Krüger, Taufiek K. Rajab

2.3 Sternotomy

In thoracic surgery, the sternotomy approach is primarily reserved for pathologies 
in the anterior mediastinum and for bilateral lung resections. Moreover, sternotomy 
allows for good exposure of the distal trachea and the main stem bronchi. For this 
reason, sternotomy is used less often than thoracotomy. Chronic pain after sternotomy 
is less common in children than in adults, but still represents a relevant complication. 
About 10% to 15% of pediatric patients suffer from significant long-lasting pain fol-
lowing sternotomy. A neuropathic pain component presumably contributes to this. 
Against this background, it is worth considering some technical aspects of sternotomy.

2.3.1 Median sternotomy

A skin incision is performed starting just below the sternal notch down to the tip of 
the xiphoid process. However, the extent of the incision can be reduced depending on 
the experience of the surgeon, elasticity of the skin and the nature of the planned pro-
cedure. Especially in infants and young children the approach should not be expan-
ded too far below the xiphoid process to avoid diaphragmatic hernias. The xiphoid 
process can be resected or cut with a heavy pair of scissors. Leaving the xiphoid 
process in situ and extending the sternotomy to one side may potentially reduce the 
incidence of incisional hernias. During dissection in the jugular fossa, injury of the 
transverse venous arch can lead to significant bleeding. Therefore, these veins should 
be identified and clipped beforehand. After division of the interclavicular ligament 
the posterior surface of the sternum is freed by blunt dissection. 
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To avoid healing disorders of the sternum particular care should be taken to divide 
the sternum exactly in the midline. The midline can be easily identified by palpating 
the sternal borders with two fingers and marking the periosteum with electrocautery. 
Electrocautery is used for the division of the periosteum. The direction of sawing can be 
left to the surgeon’s preference, since according to the literature there is no evidence to 
favor either direction [7]. However, before sawing from cephalad to caudad, division of 
the interclavicular ligament is essential. Pulling the sternal saw upwards (from dorsal 
to ventral) helps to avoid injury to vessels located at the backside of the sternum, such 
as the brachiocephalic artery and innominate vein. Deflating the lungs by disconnect-
ing the ventilator prior to sawing is standard of care particularly in cardiac surgery. This 
procedure is believed to avoid accidental pleurotomy and hence to facilitate postopera-
tive recovery. However, according to the current literature this measure cannot be sup-
ported [7]. Interestingly, the rate of inadvertent pleurotomy seems to vary significantly 
from surgeon to surgeon [7]. Sternopericardial ligaments should be divided before further 
opening of the retractor in order to reduce tension and to avoid unintended opening of 
the pericardium and the pleura. Periosteal bleeding is controlled by pinpoint cautery. 
Excessive electrocautery may interfere with sternal healing. If bone wax is applied to treat 
profuse bleeding from the bone marrow, it should be used sparingly since bone wax is 
known to interfere with the healing process. Alternatively, vancomycin paste can be used.

Cervico-sternotomies allow a safe exposure of tumors involving the thoracic 
inlet, such as ganglio-neuromas localized within the upper third of the posterior 
mediastinum (Tab. 2.3.1). 

Tab. 2.3.1: Types of sternotomy and related non-cardiac exposure.

Approach Shape Incision of the sternum  
(downwards)

Exposure  
(non-cardiac)

median sternotomy “I” entire sternum anterior mediastinal tumors, 
bilateral lung metastases, distal 
trachea and main stem bronchi

partial upper “L” third/fourth intercostal 
space

thymectomy, upper thoracic 
esophagus

partial upper “I” fifth intercostal space almost exclusively heart and 
aorta/intrathoracic goiter

manubriotomy “L” second intercostal space cervicothoracic vertebrae/
intrathoracic goiter/stenosis of 
supra-aortic vessels

manubriotomy inversed 
“T”

second intercostal space third cervical to fifth thoracic 
vertebrae/thymectomy 

cervico-sternotomy “I” entire sternum tumors of the superior 
posterior mediastinum 
(eg. ganglio-neuromas), scoliosis
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2.3.2 Partial median sternotomy (hemisternotomy, upper sternotomy)

The skin incision extends from the sternal notch down to about 2 cm below the angle 
of Louis. For the division of the sternum we prefer a sternal saw. The sternum is divided 
from the top down to usually the third intercostal space (Fig. 2.3.1, Tab. 2.3.1). Depending 
on the specific clinical situation, the sternotomy may extend to the second or someti-
mes even to the fourth intercostal space. The L-shaped sternal division is completed 
to the left or more often to the right side again depending on the concrete underlying 
pathology. It is also possible to omit the lateral sternal incision resulting in a so called 
I-shaped partial median sternotomy. Even if the sternum is divided down to the fourth 
or fifth intercostal space, this approach allows access almost exclusively to the heart 
and the aorta.

(a) (b)

(c) (d)

Fig. 2.3.1: Schematic diagram of different variants of partial sternotomy: (a) – L-shaped 
manubriotomy, (b) – inversed T-shaped manubriotomy, (c) – partial upper L-shaped sternotomy,  
(d) – partial upper I-shaped sternotomy.
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The manubriotomy is a special version of the partial upper sternotomy. Usually, a 
lateral extension of the sternotomy is carried out in the second intercostal space. In 
older children, this allows for a 3 to 4 cm exposure width with an L-shaped incision 
(Fig. 2.3.1, Tab. 2.3.1) and for about 6 cm with bilateral inversed T-shaped incision  
(Fig. 2.3.1, Tab. 2.3.1). Examples for organs or pathologies approachable through the 
different sternotomy variants are summarized in Tab. 2.3.1.

2.3.3 Closure of the sternotomy

In younger patients, sternal dehiscence is rare but nevertheless a troublesome condi-
tion. Several factors, such as bone quality, comorbidites, patient age or type and dura-
tion of the surgical procedure contribute to this complication. As mentioned above 
meticulous midline division of the sternum and conservative hemostasis with coagula-
tion and bone wax help to avoid healing problems. Moreover, closure of the sternotomy 
is the other important technical issue. Accurate approximation of the sternal halves 
supports proper healing. 

Traditionally, non-absorbable sutures are used as standard for median sterno
tomy closures. In older infants steel wires are used, since tight re-approximation of 
the sternal halves is desired to promote uncomplicated bone healing. As a rough rule 
of thumb one wire or suture per 10 kg patient weight is recommended. Known disad-
vantages of stainless steel wires are persistent pain or discomfort, risk of breaking 
and erosion of dermis with subsequent infection. Alternative non-absorbable sutures, 
such as silk or polyester are associated with a higher risk of wound infection, whereas 
polypropylene leads to significant formation of granulation tissue. 

Particularly in children, sternotomy closure using absorbable sutures, such as 
polydioxanone sutures, provides excellent results. Most studies, including several 
hundred pediatric patients from newborn to 17 years of age [8], confirmed good sternal 
stability. Advantages of these sutures compared to stainless steel wires are less chronic 
pain and discomfort as well as absence of an inflammatory reaction. The use of a 
continuous suture, figure of eight sutures or simple interrupted sutures is subject to the 
surgeon’s preference. Due to a suspected better distribution of the sharing forces figure-
of-eight sutures are recommended by some authors [8]. Even if less common in thoracic 
surgery, the use of sutures facilitates the approach in case of emergency re-do sternotomy.

Carefull repair of the linea alba is recommended to avoid incisional hernias. 
Moreover, paraxiphoid extension of the sternotomy is believed to contribute to a 
lower incidence of incisional hernias.

2.3.4 Extended approaches

In case of tumors involving the cervicothoracic junction or huge mediastinal tumors 
more extensive surgical approaches may be required such as “trap-door” and 
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“clamshell” incisions [9] or the transmanubrial approach (TMA) [10]. Since these 
approaches do not fall within the scope of this textbook, the readers’ attention is 
drawn to the respective specialized literature. According to the authors experience the 
transmanubrial approach allows for excellent exposure the neurovascular structures 
of the cervicothoracic junction with minimial osteomuscular trauma.

Jens Dingemann, Benno Ure

2.4 �Video-assisted thoracoscopic surgery (VATS): Development  
of the operative technique

2.4.1 Introduction

Utilization of thoracoscopy has been described as early as 1910. Jacobeus [11] used a 
cystoscope inserted through a rigid cannula to access the pleural cavity. In a patient 
with pulmonary tuberculosis, pleuropulmonary adhesiolysis was performed and 
complete lung collapse was achieved, representing the treatment of choice in these 
times. Only few years later (1921), the first patient series of more than 100 patients was 
published by the same author [11].

Over subsequent decades, the acceptance of thoracoscopy was limited and 
mainly diagnostic procedures were performed. The first thoracoscopic operations in 
children were described in the late 1970’s. Due to the limited availability of equipment 
suitable for minimally-invasive procedures in children, the number of procedures was 
still very low and mainly biopsies of intrathoracic masses were performed. 

Along with the advent of laparoscopy in adults and children from the early 1990’s 
on, VATS developed as an emerging technique and was soon employed for more 
advanced diagnostic and therapeutic thoracic procedures. Today, improved optical 
devices, small instruments and sealing devices suitable for operating in confined 
spaces allow most sophisticated operations even in infants and newborns. 

Why VATS?
The potential of improved cosmetic results, when compared to the corresponding 
open operation is a common advantage VATS shares with other minimally invasive 
approaches. The potential avoidance of rib fusion, scoliosis and chestwall deformity 
make the argument for VATS even more compelling. In a recent follow-up study inves-
tigating 62 infants, we have shown that the Manchester scar assessment scores and 
patient’s satisfaction were in favour of VATS as compared to thoracotomy. Further-
more, chest asymmetry in the horizontal plane was significantly less frequent after 
VATS, the incidence of scoliosis was lower after VATS and the intercostal spaces of the 
operated hemithoraces were narrower after thoracotomy [12]. 

Additionally, the technical advantages of the thoracoscopic operation including 
excellent visualization due to the optic magnification and collapse of the lung from 
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the pressure of insufflation are obvious. Since the operation is performed through 
small incisions, ranging from 3 to 5 mm, also less postoperative pain can be antici-
pated. Considering these potential advantages, it is not surprising that VATS proce-
dures represent an evolving technique in the pediatric surgical community and its 
acceptance for various indications is widespread today. 

2.4.2 Ventilatory and pathophysiological considerations for VATS

Depending on the type of procedure performed, ventilation strategies need to be 
tailored to the particular patient and close teamwork between surgeon and anesthe-
tist is essential to create space for adequate visualization, exposure, and dissection 
while oxygenation is maintained. 

Double-lung ventilation for VATS
We routinely use low-pressure (4 mmHg) and low-flow (1 L/min) CO2-insufflation during 
the procedure to keep the lung compressed. To prevent CO2-overinsufflation in small 
infants and children, the use of insufflators delivering CO2 in small controlled puffs is 
advocated, as these allow a better adjustment of the intrathoracic pressure in neonates 
and infants. If adequate visualization is not achieved, the pressure and flow may be gra-
dually increased to obtain adequate lung collapse. Pressures of up to 8 mm Hg can be 
tolerated without significant respiratory or hemodynamic consequences in most cases. 
Small tidal volumes, low peak pressures, and a high respiratory rate facilitate the com-
pression of the lung through CO2 insufflation alone. This technique is usually sufficient 
for smaller procedures such as lung biopsy or Nuss procedure or exploratory VATS.

Single-lung ventilation for VATS
For more delicate procedures such as lobectomy where any degree of inflation can 
make it difficult to identify pulmonary vessels and bronchi, it is helpful to employ sin-
gle-lung ventilation. We are using age-adapted devices which are inserted by fiberop-
tic intubation. In children <6 years of age, a conventional single lumen endotracheal 
tube (SLET) is inserted into the main-stem bronchus of the dependent lung. In child-
ren aged 6 to 12 years, a Univent® tube is used and the attached bronchus blocker is 
blocked in the main-stem bronchus of the dependent lung. Children aged 12 years or 
older are intubated with either a Univent® tube, a double-lumen endotracheal tube, 
or an Arndt endobronchial blocker.

In a clinical setting, SLV and VATS are well tolerated even by neonates. However, 
we have recently demonstrated that single-lung ventilation combined with a capno-
thorax of 5 mmHg in piglets caused a significantly higher decrease of cardiac index 
in comparison with singe-lung ventilation alone. This decrease was due to deteriora-
tion of the cardiac preload. The intrathoracic carbon dioxide insufflation led also to a 
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significantly higher arterial carbon dioxide partial pressure caused by carbon dioxide 
absorption [13]. In accordance, McHoney et al. found an increased endtidal carbon 
dioxide concentration in children undergoing thoracoscopy which was higher than 
during laparoscopy [14]. Changes were more pronounced in smaller children under-
going single-lung ventilation. These changes may aggravate the belowmentioned 
intraoperative hypercapnia and acidosis in newborns undergoing VATS CDH-repair 
[15, 16]. Thus, it has to be emphasized that SLV in combination with VATS needs an 
experienced anesthetic team and a close intraoperative communication between 
anesthetist and pediatric surgeon. 

2.4.3 Equipment

Trocars
The instrumentation for VATS is basically not different from laparoscopy. We prefer 
3- to 5-mm multiuse instrumentation. To introduce the instruments and the telescope, 
valved ports are recommendable as compared to simple non-valved trocars to main-
tain the positive intrathoracic CO2 pressure which keeps the lung compressed. We 
use 3- to 5-mm multiuse ports and – if needed – a 12-mm single-use valved port to 
introduce the 11-mm endostapler. Trocar displacement remains a problem, especially 
in small infants. Various trocar fixation techniques have been introduced. We fix reus-
able unscrewed trocars to the thoracic wall using a 2 cm sleeve of a Red Robinson 
catheter (27 F catheter for 5-mm trocars and 24 F catheter for 3.5-mm trocars). A 2/0 
suture is passed through the catheter, the skin and through the underlying fascia to 
inhibit dislocation (Fig. 2.4.1 and Fig. 2.4.2). The grip of the sleeve prevents trocar dis-
location and allows the trocar to slide within the sleeve [17].

Skin
Fascia

Suture Fixation 
(Sleeve and Fascia)

Sleeve (Red Robinson Catheter)

Unscrewed Trocar

Fig. 2.4.1: Trocar fixation by a suture through the catheter sleeve, skin and fascia. The grip 
of the sleeve prevents trocar dislocation, and allows the trocar to slide within the sleeve. The 
trocar can easily be readjusted by pushing the sleeve toward the skin while gently pulling the 
trocar.
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Fig. 2.4.2: Intraoperative image of trocar positioning in left lower lobectomy in a 5-year-old boy.  
5-mm multiuse valved port (red valve) for introduction of the telescope below the tip of the scapula 
(fifth intercostal space) and three 3.5-mm multiuse valved ports (blue valves) for instrumentation. 
Note fascial fixation of sleeved port as described in Fig. 2.4.1.

Telescope
Our basic equipment includes 5-mm and 3.5-mm telescopes with 30° lenses. VATS 
procedures are best performed with a 30° lens, as the view in the confined intrathoracic 
spaces can be adjusted easily by the assistant surgeon. Short (16–18-cm) telescopes 
can be helpful to allow finer movements especially in newborns. 

Instruments
Multiuse instrumentation should include 3- to 5-mm curved dissecting scissors and 
hooked scissors, monopolar dissecting hook, curved dissectors, atraumatic curved 
and straight clamps, exploratory probe, suction/irrigation tube and needle holder. In 
the small spaces of small children, the advantage of fan retractors is limited. Bowed 
and angled instruments can be helpful to advance the active range of motion within 
the thoracic cavity.

The basic instrumentation is completed by a variety of disposable instruments 
including hemostatic clips (we prefer non-absorbable “Hemolock®” clips), pretied 
ligatures (“Endoloop®”) and endoscopic stapler. The endoscopic version of the GIA® 
represents an excellent tool to divide tissue and create an air- and watertight seal 
by laying down several rows of staples. We also use it routinely for atypical lung 
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resection. It mostly comes as an 11-mm instrument (outer diameter) requiring a 12-mm 
single-use trocar, but 5-mm linear endostaplers have been developed most recently.

Various energy sources are available for dissection in pediatric VATS. We routinely 
use monopolar cautery and “Ligasure®” for dissection and vessel sealing. There are a 
multitude of other energy sources available on the market for the same purpose such 
as “Harmonic®” or “Ultrasonic®” shears, which may be helpful.

To secure hemostasis and sealing lung and pleural surfaces, different sealing and 
gluing materials are available. Fibrin sealant patches may be helpful. Certain prod-
ucts are available in pre-rolled forms which are suitable for a 5-mm trocar and can be 
inserted easily into the thoracic cavity of small children.

Insufflator, camera and screens
Not all products developed for minimally invasive surgery are suitable for pedia-
tric VATS. The CO2-insufflator needs to allow fine adjustment of pressure and flow 
between 2 and 12 mm Hg and 1–5 l/min, respectively. This is usually achieved through 
insufflation of CO2 in small controlled puffs by special pediatric insufflators. The res-
ponse time for the automatic pressure regulation needs to be short to prevent hemo-
dynamic instability of the patient due to CO2 overinsufflation. In small children, we 
usually establish the capnothorax with a pressure of up to 4 mmHg and a maximum 
flow of not more than 1 l/min. Both pressure and flow can be gradually turned up at 
a later stage of the operation.

High Definition cameras combined with a sufficient light source for a 5-mm tele-
scope and wide screens (16:9) are standard equipment. It is generally advantageous to 
have two screens, one on either side of the table. The screens need to be movable and 
should be positioned somewhere between the shoulders and the hips of the patient, 
depending on the site of the lesion. The goal of laparoscopic surgery is true for pediat-
ric VATS as well: the surgeon needs to work in line with the camera, the pathology and 
the monitor at the same time. The standard room setup for pediatric VATS is outlined 
in Fig. 2.4.3.

2.4.4 Positioning of the patient and trocar introduction

For most indications, a standard lateral decubitus position is preferred. We routinely 
place the patient on a vacuum mattress to secure the patient. The ipsilateral arm 
can be placed overhead in infants and newborns or hung in a sling in older children 
(Fig. 2.4.4). Depending on the site of the pathology, the standard positioning may be 
changed accordingly. A supine position with the affected side elevated 30° has proven 
to provide the best access to the anterior mediastinum, as the collapsed lung is retrac-
ted posteriorly by gravity. It may be used for anterior VATS procedures as thymectomy, 
aortopexy and anterior mediastinal masses. Access to the posterior mediastinum is 
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SurgeonAssistant

Scrub nurse

Fig. 2.4.3: Standard room setup for pediatric VATS. 

(a) (b)  

Fig. 2.4.4: Patients placed in standard lateral decubitus position for VATS with the arm overhead (a) 
and hung in a sling (b).

best provided in modified prone position with the affected side elevated up to 30°. 
This position is chosen for esophageal procedures, posterior bronchogenic cysts or 
foregut duplication cysts. 

For introduction of the ports, an open approach is preferred. The skin is incised 
according to the diameter of the port and fascia and pleura are opened bluntly using 
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a mosquito clamp. The first port is introduced blindly. In SLV, the risk of organ injury 
is low, as the lung is collapsed. In DLV, it is recommended to introduce the first port 
during a short respiratory arrest, established by the anesthesiologic team. The intro-
duction of all further ports is safely performed under direct visualization.

No general recommendation can be given on the positioning of the ports, because 
the optimal arrangement varies considerably depending on the procedure performed. As 
compared to laparoscopy, it is even more important to plan the port placement thoughtfully. 
The chest wall is rigid and therefore the mobility of the instruments is certainly limited 
unlike in the abdomen. However, the general principles of minimally-invasive surgery are 
true for VATS as well. The port for the telescope is usually placed in the midaxillary line 
slightly above or below the pathology, dependent on the localization. The working ports 
are then placed somewhat closer to the pathology and with sufficient distance laterally 
to the camera port, so that interfering of instruments and camera is avoided. A triangular 
arrangement allows interchange of camera and instruments between the ports which can 
facilitate working in the area of interest from different directions. 

Ports of 3 and 5 mm can be placed in any intercostal space in almost every posi-
tion of the thoracic wall, even in neonates. In children older than 2 years, the 11-mm 
port required for the use of an endostapler should always be placed in the lowest 
costal interspace possible, as these are the widest. 

For retrieval of resected tissue, a mini-thoracotomy is fashioned at one of the 
port sites. Even a resected lobe of a neonate may be retrieved through a 2–3-cm inci-
sion (Fig. 2.4.5). Another suitable port site can be used for insertion of a chest tube  
(Fig. 2.4.5). 
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Fig. 2.4.5: Minithoracotomy for organ retrieval  
(a) and chest tube (b) at previous port sites.

a

b

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



48   2 Approaches to the thoracic cavity

2.4.5 Indications, pros and cons for pediatric VATS

Pediatric VATS has been applied for a considerable number of indications. It has become 
the gold standard for lung biopsy/pulmonary wedge resection, decortication of pleural 
empyema and thoracic sympathectomy for hyperhidrosis. However, also sophistica-
ted VATS procedures, such as segmentectomy, lobectomy and resection of pulmonary 
sequestration are routinely performed today. VATS is also an excellent approach to the 
mediastinum. Biopsy and resection of mediastinal structures such as lymph nodes, 
thymic and thyroid structures, foregut duplication cysts, bronchogenic cysts and cystic 
hygromas have been performed. Besides, the thoracoscopic approach has been success-
fully used for repair of neonatal malformations as congenital diaphragmatic hernia, 
esophageal atresia/tracheoesophageal fistula and patent ductus arteriosus. 

Overview of possible indications for pediatric VATS procedures in infants and 
children:

–– Anterior spine fusion 
–– Aortopexy 
–– Bronchogenic Cyst excision 
–– Decortication 
–– Diaphragmatic hernia repair 
–– Diaphragmatic plication 
–– Esophageal atresia repair 
–– Tracheoesophageal fistula repair 
–– Esophageal resection 
–– Esophageal myotomy 
–– Foregut duplication cyst resection 
–– Lung biopsy/atypical lung resection
–– Lobectomy 
–– Resection of pulmonary sequestration
–– Mediastinal biopsy or mass excision 
–– Nuss procedure 
–– Patent ductus arteriosus ligation
–– Pericardial window 
–– Pleurectomy
–– Sympathectomy
–– Thoracic duct ligation 
–– Tumor biopsy/resection
–– Thymectomy

Author’s experience/exemplary indications 
For congenital pulmonary lesions, we have recently shown that the size of the patho-
logy might imply useful information for decision-making on the use of VATS in 
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infants. In a consecutive series of patients, the mean relative size of the pulmonary 
pathology at preoperative imaging was 0.34 in patients who received successful VATS, 
0.57 in converted cases and 0.68 in infants who underwent primary thoracotomy. In 
our opinion, a lesion size of less than half of the thoracic diameter indicates a good 
feasibility for VATS resection [18].

 The role of VATS for thoracic malignancies in children remains limited. The feasi-
bility of VATS tumor biopsy is excellent with a success-rate of 93%. However, only 22% 
of thoracic tumors in our series were deemed suitable for VATS resection and only 
14% could actually be resected via this approach (conversion rate 36%). The main 
reason for conversion from a VATS procedure to an open operation in this series was 
limited visibility [19]. 

VATS repair of esophageal atresia has been associated with a higher rate of 
anastomotic leak and recurrent fistula in some studies. We have recently published 
our series using distinct selection criteria for the VATS approach. Our concept for the 
indication for VATS EA repair included restriction to short-gap esophageal atresia, 
birthweight ≥ 2,000 g, cardiorespiratory stability, ≤ one major associated malforma-
tion and low threshold for conversion to thoracotomy (in cases of any intraoperative 
adverse events, lack of progress for 15 min or anastomosis under tension). Using 
this selective approach, we achieved excellent results and a low rate of complica-
tions [20].

Advantages of VATS over open surgery: What is evidence based?
We have recently reviewed the literature available for pediatric thoracoscopic proce-
dures focussing on comparative studies investigating VATS versus open procedures 
and the classification of these publications according to the criteria of evidence based 
medicine [21]. Endpoints were defined as advantages and disadvantages of VATS as 
compared to the open procedure. 

According to the recent classification of “Oxford Centre of Evidence Based Med-
icine” (CEBM), no studies of Level 1 or 2 were identified. Three meta-analyses (MA) 
and 18 retrospective comparative studies (RCS) investigating five different VATS 
procedures (repair of congenital diaphragmatic hernia (CDH), repair of oesopha-
geal atresia/tracheoesophageal fistula (EA/TOF), lung resection, treatment of 
pneumothorax and resection of neuroblastoma) were included in the study. All 
studies were classified as CEBM Level 3. The advantages of VATS were less post-
operative pain (CDH repair, OA/TOF repair and pneumothorax repair), shorter 
hospital stay (CDH repair, OA/TOF repair, lung resection and pneumothorax), 
shorter time of ventilation and lower pCO2 (CDH repair), shorter duration of chest 
drain (lung resection) and less blood loss (resection of neuroblastoma). However, 
disadvantages such as higher recurrence rates (CDH repair), higher pCO2 (OA/
TOF repair), longer operative times (CDH and OA/TOF repair) were also identified  
(Tab. 2.4.1).
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Tab. 2.4.1: Details of meta-analyses (CEBM Level 3a) and retrospective comparative studies  
(CEBM Level 3b) providing evidence for video-assisted thoracoscopic sugery (VATS) vs. open  
procedures in children (modified from [18]).

Procedure CEBM
Level

Advantage 
VATS (vs. open)

Disadvantage
VATS (vs.open)

CDH repair 3a None – longer operative time
– higher recurrence rate

3b – lower post OP pCO2
– shorter ventilation
– earlier return to feeds
– shorter ventilation
– less sedation/narcotics
– less complications
– less total costs

– longer operative time
– higher recurrence rate

OA/TOF repair 3a None None

3b None – longer operative time
– higher intra OP pCO2

Lung resection 3a – shorter hospital stay
– �shorter duration of  

chest drain

None

3b – less regional anesthesia
– shorter narcotic use
– shorter hospital stay
– �shorter duration of chest drain
– less complications

– longer operative time

Treatment of 
pneumothorax

3b – shorter hospital stay
– shorter narcotic use

None

Neuroblastoma
resection

3b – shorter hospital stay
– less blood loss

None

What are possible downsides of VATS?
Particularly for thoracoscopic repair of congenital diaphragmatic hernia (CDH), wor-
rying disadvantages of VATS compared to the open procedure have been reported. 
Higher recurrence rates were observed in a meta-analysis [22] and two recent retros-
pective series [23, 24]. This finding needs further investigation and more randomized 
controlled trials are urgently required in order to give a clear recommendation for 
or against VATS for CDH repair. Additionally, decreased cerebral hemoglobin oxygen 
saturation, increased intraoperative pCO2 and acidosis were reported in a prelimi-
nary study investigating six patients undergoing VATS repair of CDH and esophageal 
atresia (EA)/tracheoesophageal fistula (TOF) [25]. In a most recently published pilot 
randomized controlled trial investigating 20 neonatal patients, the same authors 
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clearly demonstrated that thoracoscopic repair of CDH is associated with prolonged 
and severe intraoperative hypercapnia and acidosis, compared with open surgery. 
These findings were not reproducible for VATS repair of EA/TOF [26]. Larger rando-
mized controlled trials that compare open and VATS procedures are mandatory. In our 
center, all patients undergoing VATS procedures are thoroughly monitored for cere-
bral hemoglobin oxygen saturation and blood gas levels throughout the operation.

Nicolaus Schwerk

2.5 Bronchoscopy

2.5.1 Introduction

Pediatric bronchoscopy represents an established diagnostic and therapeutic technique 
in children and adolescents with congenital and acquired respiratory diseases. During 
the last few decades, improving technology has increased the versatility of diagnostic 
and therapeutic procedures. Especially the development of very small instruments 
has made the access of even very small airways possible, enabling examinations 
and interventions in neonates and even tiny preterm infants. In general, pediatric 
bronchoscopy entails two endoscopic techniques: rigid bronchoscopy and flexible 
bronchoscopy. Whereas the former is preferred for therapeutic interventions like 
foreign body removal and removal or biopsies of endobronchial tumors; the latter is 
preferred for diagnostic procedures. Nonetheless, flexible bronchoscopy has also been 
increasingly used for therapeutic procedures during the last few decades. Although 
severe complications are rare it has to be mentioned that bronchoscopy is an invasive 
procedure with potential harmful complications. Therefore, alternative less-invasive 
approaches must be considered, especially in critically ill children, before proceeding. 
Furthermore, an interdisciplinary team consisting of experienced anesthetists, pediatric 
pulmonologists, specialized nurses and also in some scenarios intensive care physicians, 
thoracic surgeons or ENT-surgeons may be required. The family and the child (when age 
appropriate) should be offered detailed information about the procedure; which should 
include discussing potential complications and obtaining written informed consent.

2.5.2 Bronchoscopes

There are several bronchoscopes available for different age groups [25]. The smallest 
neonatal 1.8-mm bronchoscopes have no suction channel and can only be used for the 
evaluation of airway abnormalities, mucus plugging, identifying functional abnor-
malities, the positioning of endobronchial occluders and establishing the correct  
position of endotracheal tubes (ETT). This can be challenging when endobronchial 
secretions hinder the view of the scope. The smallest bronchoscope with a working 
channel (1.2-mm diameter) has a distal external diameter of 2.8  mm. With such 
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instruments, a diagnostic bronchoscopy including bronchoalveolar lavage, bronchial 
brushings and also endo- and transbronchial biopsies can be performed [26]. 

In general the smallest bronchoscope available should be used in children to 
avoid blockage of significant airways. Unsurprisingly this generalization does not 
apply when a biopsy is proposed. As the diagnostic quality of the sample depends 
on its size, it is wise to use the biggest biopsy forceps possible and hence utilize the 
biggest available instrument channel. Working channels with a diameter of 2 mm, 
optimal for biopsying, are available from bronchoscopes with a distal diameter of  
≥4 mm. The smallest rigid bronchoscope has an outer diameter of 2.5 mm and can 
be used even in small neonatal patients. The biopsy forceps usable with small rigid 
bronchoscopes can potentially be much larger than those used with flexible broncho-
scopes of the same sized working channel (e.g. 1.2 mm).

2.5.3 Sedation and anesthesia 

In general bronchoscopy in children and adolescents should be performed under sedation 
or anesthesia. A detailed description of the different drugs used is beyond the scope of 
this chapter. Detailed information can be obtained from existing text books and specific 
guidelines [26, 27]. In some institutions, the investigating pulmonologist will not only be 
responsible for the sedation but also for monitoring the child during the procedure. This 
increases relative risks for the patient, including potentially fatal complications, and is 
therefore strongly not recommended. Hence optimally an experienced anesthetist together 
with a specialized nurse is always recommended even in spontaneous breathing children. 
Bronchoscopy can be performed either in spontaneous breathing patients with access to 
the airways via the nose, the mouth or a laryngeal mask, or in ventilated and intubated 
patients. A striking advantage of using access through the nose is the ability to explore the 
upper airways more extensively. This is especially important when the clinical presentation 
of a child is suggestive of supraglottic pathologies. Investigations in spontaneous breathing 
children are much more sensitive to detect functional abnormalities, like laryngo- or tra-
cheomalacia. Whereas intubated children are protected from aspiration and can be venti-
lated in a more controlled setting. The choice of what sedation and which airway access is 
used will be dependent on the preference of the anesthetist, the indication for the broncho-
scopy and the clinical status of the child. Rigid bronchoscopy should always be performed 
under general anesthesia and may also require relaxation of the patient.

2.5.4 Diagnostic procedures

Investigation of the airways
Flexible bronchoscopy allows the examination of the entire respiratory tract from 
the nose to the sub-segments of the bronchi, enabling the investigating pulmonolo-
gist to detect structural and/or functional pathologies [26]. Furthermore the extent 
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of a lesion can be visualized, giving helpful information as to whether a special  
treatment is required, and if so, what treatment will be necessary. Bronchoscopy can 
also be useful during or before surgical procedures of the respiratory tract. In children 
with oesophageal atresia it can be helpful to exclude an additional proximal trachea-
esophageal fistula (Fig. 2.5.1) before the child is intubated for the operation. 

(a) (b)

Fig. 2.5.1: Bronchoscopic findings in a patient with esophageal atresia: (a) shows a 
tracheoesophageal fistula in the typical location proximal to the carina; and (b) shows an  
additional proximal fistula.

Furthermore, endoscopic placement and manipulation of a bronchial blocker is 
sometimes needed when a patient is too small for a double lumen tube and unilateral 
ventilation is required. During lung transplantation the anastomosis of the airways 
can be visualized to exclude distension or distortion before the pulmonary arteries 
and veins are anastomosed (Fig. 2.5.2). 

Fig. 2.5.2: Intraoperative view from the left main 
bronchus in a patient during lung transplantation 
showing an intact anastomosis with no relevant 
stenosis or dehiscence.
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In Tab. 2.5.1 and 2.5.2 a list of different congenital or acquired airway abnormalities 
as well as functional pathologies is given. Congenital and acquired pathologies of the 
respiratory tract can look very similar. A subglottic stenosis for example can result from 
premature impaired development of the airways (online, Fig. 5) or a postnatal traumatic 
event (online, Fig. 11). It is therefore absolutely necessary to obtain detailed information 
regarding the child’s complaints (e.g. beginning of symptoms, disease course, previous 
complaints, previous operations, etc.) and to perform a clinical examination prior to 
performing a diagnostic bronchoscopy to delineate the true diagnosis.

Tab. 2.5.1: Examples of congenital structural and functional anomalies of the airways.

Upper airways Lower airways

Choanal atresia/hypoplasia
Nasal masses
Congenital tumors of the upper  
airways
Pharyngeal collapse (see Fig. 2.5.1)
Laryngomalacia (see online, Fig. 3)
Laryngeal cleft
Laryngeal cyst (see online, Fig. 4)
Laryngeal web
Laryngeal hypoplasia
Laryngeal atresia
vocal cord paralysis

Subglottic stenosis (see online, Fig. 5)
Subglottic hemangioma (see online, Fig. 6)
Tracheal stenosis
Tracheo- and/or bronchomalacia (see online, Fig. 7b)
Laryngotracheo-esophageal cleft
Tracheobronchial branching anomalies (see online, Fig. 7a)
Tracheoesophageal fistula (see Fig. 2.5.1a+b)
Bronchial agenesis, hypoplasia
Bronchial atresia
Tracheobronchial hemangioma
Tracheal webs
Cartilaginous sleeves/esophageal remnants
Congenital tracheal and/or bronchial tumors

Video showing laryngomalacia.
https://www.degruyter.com/view/supplement/9783110419825_Laryngomalacia.
mp4 

Video showing a subglottic hemangioma in a three month old infant.
https://www.degruyter.com/view/supplement/9783110419825_Subglottic_
hemangioma.mp4 

Video showing a congenital bronchial atresia of the lingula bronchus.
https://www.degruyter.com/view/supplement/9783110419825_Bronchial_
atresia.mp4 
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Tab. 2.5.2: Examples of acquired structural and functional anomalies of the airways.

Upper airways Lower airways

Foreign bodies (see Fig. 2.5.3)
Nasal masses
Tumors
Wegner granulomatosis
Adenoid/tonsillar hypertrophy
Pharyngeal and/or laryngeal edema  
(see online, Fig. 9)
Laryngeal papillomatosis (see online,  
Fig. 10)
Vocal cord paralysis
Vocal cord dysfunction
Laryngeal web (after intubation)

Subglottic cysts
Subglottic edema
Subglottic stenosis, post-intubation stricture,  
granuloma (see Fig. 2.5.4)
Bacterial/fungal tracheitis (see online, Fig. 12)
Secretion/mucous plugging
Tumors (see online, Fig. 13)
Foreign bodies (see Fig. 2.5.5)
Tracheobronchial malacia related to extra-luminal  
compression (see Fig. 2.5.6)
Follicular Bronchitis/Bronchiolitis
Tuberculosis
Histoplasmosis
Wegner granulomatosis
Crohn’s disease
Sarcoidosis
Stenosis insufficiency of brochial anastomosis  
(see online, Fig. 16)
Endobronchial hemorrhage (see online, Fig. 17)
Plastic bronchitis (see online, Fig. 18)
Traumatic tracheal or bronchial perforation

Video showing accumulation of bronchial secret in a child with primary ciliary 
dyskinesia and protracted bacterial infection.
https://www.degruyter.com/view/supplement/9783110419825_Protracted_
bacterial_bronchitis.mp4 

Video showing laryngeal papillomatosis.
https://www.degruyter.com/view/supplement/9783110419825_Laryngeal_
papillomatosis.mp4 

Video showing severe invasive aspergillosis in a child after bone marrow 
transplantation.
https://www.degruyter.com/view/supplement/9783110419825_Invasive_
aspergillosis.mp4 
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Fig. 2.5.4: Subglottic stenosis with a web-
like appearance in a patient after protracted 
intubation and ventilation.

(a) (b)

Fig. 2.5.3: (a) Endoscopic view of the larynx showing the vocal cords (right and left) and a foreign 
body (in the middle). (b) same patient after removal of the foreign body with subglottic granulation 
tissue. The patient was referred with persistent cough and intermittent inspiratory stridor since  
9 months of age.

Video showing follicular bronchitis in a 4 years old boy with a common variable 
immunodeficiency.
https://www.degruyter.com/view/supplement/9783110419825_Follicular_
bronchitis.mp4 

Video showing tracheomalacia related to a dilated esophagus in a child with 
achalasia.
https://www.degruyter.com/view/supplement/9783110419825_Secondary_
tracheomalacia_and_achalasia.mp4 
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Fig. 2.5.5: Foreign body removal (aspirated 
tooth) from the right main bronchus. Of note is 
the extensive granulation tissue.

Fig. 2.5.6: Severe tracheomalacia in a  
15-year-old boy with achalasia related to 
tracheal compression by a massive dilated 
esophagus.

Video showing subglottic membranous stenosis after intubation.
https://www.degruyter.com/view/supplement/9783110419825_Subglottic_
membranous_stenosis.mp4 

Video showing the removal of a foreign body (peanut) located in the right main 
bronchus.
https://www.degruyter.com/view/supplement/9783110419825_Removal_
foreign_body.mp4 
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Bronchoalveolar lavage (BAL)
Besides the visual evaluation of the respiratory tract, brochoalveolar lavage (BAL) 
is a very important diagnostic procedure used to recover cellular and non-cellular 
components from the bronchial and alveolar air spaces [28]. The cellular composition 
of BAL fluid (BALF) gives information not only regarding the microbial constituents 
of the lower airways, but also whether there is an inflammatory process involved. The 
differentiation of cellular components (e.g. neutrophilic granulocytes, lymphocytes, 
eosinophilic granulocytes) can give important hints for underlying diseases. In 
children with chronic wet cough, the detection of bacteria in significant amounts 
(which is normally defined as 100,000 colony-forming units per ml) together with 
a neutrophilic inflammation is diagnostic of a protracted bacterial bronchitis. An 
eosinophilic inflammation can be suggestive of asthma, allergic bronchopulmonary 
aspergillosis, Churg Strauss Syndrome or helminthic infections. In a patient with 
cystic lung lesions, CD1a positive cells are diagnostic for a pulmonary Langerhans 
cell histiocytosis, a diagnosis which otherwise can only be proven by lung biopsy. 
The detection of lipid laden macrophages is very sensitive but not specific for 
recurrent aspirations. Hemosiderin-laden macrophages are suggestive of pulmonary 
hemosiderosis. Also the analysis of non-cellular components is of great diagnostic 
importance, for example a BALF with milky appearance of increasing intensity in 
each fraction and with positive PAS staining is typical of alveolar proteinosis (online, 
Fig. 20b). As the middle lobe and the lingua are the smallest lobes of each lung, they 
provide superior fluid recovery and hence are the preferred sites for BAL. When a 
pathological process is presumed to be in a particular part of the lung, BAL should 
naturally be performed near that site. Usually three aliquots of pre-warmed (37°C) 
saline, each consisting of 1 ml/kg body weight (for children weighing up to 20 kg), or 
three 20-ml aliquots (for children weighing >20 kg) are used. Table 2.5.3 lists variables 
which routinely should be measured in BAL and provides information about specific 
diagnostic tests.

Tab. 2.5.3: Routine and optional variables measured in BALF.

Routine Comments

Recovery Acceptable quality if recovery is >40% 

Numbers of cells per ml Not performed in all centers. Normal range: 10–60 × 104/ml

Differential cell count Macrophages, granulocytes, lymphocytes. Contamination with 
epithelial cells is an indicator of a poor quality BAL 

Microbiological studies Samples must be processed as soon as possible to avoid contamination

Hemosiderin staining Hemosiderin-laden macrophages are suggestive of but not  
conclusive for alveolar hemorrhage

Lipid staining (e.g. Sudan) Lipid-laden macrophages are suggestive of but not conclusive of 
aspiration
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Routine Comments

Periodic-acid-Schiff-staining 
(PAS)

PAS-positive non-cellular material is suggestive of but not 
conclusive of pulmonary alveolar proteinosis (e.g. may also be 
positive in glycogen storage diseases)

Optional

Virological examinations In some centers also used in routine diagnostics

Lymphocyte subsets CD4/CD8-ratios when hypersensitivity pneumonitis or sarcoidosis 
is suspected (in children it is neither specific nor sensitive). More 
than 5% CD1a positive cells are diagnostic of Langerhans cell 
histiocytosis

Surfactant analysis When inherited surfactant protein deficiencies (e.g. SPB-, SPC-, ABCA3-
mutations) or other pulmonary alveolar proteinosis are suspected

Ziehl-Neelsen stain When tuberculosis is suspected

Biopsies
There are two different bronchoscopic biopsy techniques which can be performed: 
endobronchial biopsy (EBB) and transbronchial biopsy (TBB). The rationale for EBB 
is to collect histological samples, typically with forceps under direct visualization, 
from the bronchial mucosa, masses invading the bronchial wall or masses present in 
the bronchial lumen (Fig 2.5.7). 

(a) (b)

Fig. 2.5.7: (a) Bronchoscopic view of a tumor in the right bronchus intermedius. (b) same patient 
after endoscopic biopsy with moderate bleedings. Histology revealed a typical carcinoid. The tumor 
as well as the middle lobe was resected, with creation of end to end anastomoses of the right main 
bronchus and the distal bronchus intermedius.

Tab. 2.5.3 (continued)
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EBB can be performed with either a flexible or rigid bronchoscopic technique. An 
advantage of the rigid technique is that the tissue samples obtained can be bigger 
because the biopsy forceps used may be larger than those used with flexible broncho-
scopes, especially in children. EBB is relatively safe with the main complications being 
endobronchial bleeding and in very rare cases, bronchial perforations [29]. Except 
for diagnostic biopsies from intraluminal masses or tumors, there is no convincing 
data supporting the clinical use of EBB in children. TBB are taken from the periphery 
of the lung, typically only from one side to avoid bilateral pneumothorax. In cont-
rast to EBB, TBB is used to obtain peripheral lung tissue, including from broncheoli 
and alveoli, to look for pathologic processes of the terminal bronchial system and the 
interstitium. Usually TBB is performed under fluoroscopic guidance. A minimum of 
three (better five) samples of good quality from different lobes has to be obtained. 
A simple test for the quality of the probe is the “swimming test”. When the biopsy 
pieces are “swimming” in formalin-or saline solution and do not sink to the bottom, it 
is very likely that air filled alveoli have been obtained. As the samples are very small, 
their diagnostic value tends to be limited. Therefore TBB is only routinely performed 
in lung transplanted children, either for surveillance investigations or when an acute 
cellular or humoral rejection is suspected. In children with suspected interstitial lung 
disease surgical biopsy, preferably with a minimally invasive technique, is strongly 
recommended.

The most common serious complications following TBB are bleeding and pneumo-
thorax. Clinical significant bleedings have been reported in up to 6% of cases. Pneumo-
thorax has been reported in up to 12%, but more often ranges between 1–3% of cases [30].

Foreign body aspiration/Interventional bronchoscopy
The main indication for interventional bronchoscopy in pediatric patients is the removal 
of aspirated foreign bodies (online, Fig. 16). Foreign body (FB) aspiration can cause 
acute respiratory distress in children and, if overlooked for a longer period, can lead to 
irreversible damage of the bronchi and/or lung parenchyma due to chronic inflamma-
tion and secondary infection. Therefore, early diagnosis and prompt extraction is very 
important. Although toddlers and preschool children are most affected, FB aspiration 
has to be considered in children of all age groups in case of any suggestive history or 
clinical findings. Boys are more affected than girls. Aspirated foreign bodies are more 
often logged in the right main or lower lobe bronchus then in the left main or lower lobe 

Video showing a biopsy of a endobronchial carcinoid.
https://www.degruyter.com/view/supplement/9783110419825_Biopsy_
endobronchial_carcinoid.mp4 
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bronchus. When a FB-aspiration is directly observed by parents or caregivers diagnosis 
is quiet easy and further diagnostics like a chest X-ray are not necessary. In such cases 
bronchoscopy is strongly recommended even if the patient is symptom free and the 
physical examination does not reveal any pathological findings. Nevertheless, it has 
to be mentioned that about 30%–60% of all aspirations occur in unobserved moments 
thus making diagnosis more difficult in these cases. Information like a sudden evolving 
and persistent cough without evidence for infection, recurrent pneumonias at the same 
location or a persistent (unilateral) bronchial obstruction in a previously healthy child 
can then be very helpful. Clinical symptoms vary and depend on the size of the aspirated 
FB, its location in the airways and the time the FB remained in the bronchial system. 
Symptoms vary from complete obstruction with hypoxia and cardiorespiratory compro-
mise to partial obstruction with coughing, wheezing, drooling, stridor and respiratory 
distress. FB located in the lower airway lead to pulmonary changes dependent on the 
type of impaction, including emphysema, collapse and consolidation of the broncho-
pulmonary segment which can be seen in chest X-ray. However in some circumstances 
chest X-ray can be normal. In these cases an additional expiratory scan can possibly be 
helpful. If the aspirated FB leads to a relevant impaction, a hyperinflation of the distal 
bronchopulmonary segments with consecutive mediastinal shift to the contralateral 
side can then be observed. Of note, a normal chest X-ray never rules out a FB aspiration. 
Therefore a bronchoscopy is always indicated in every patient with a typical history 
and/or a suggestive clinical presentation. Every FB-aspiration is an emergency and has 
to be treated urgently. Even if the child is in a stable condition, sudden occlusion of the 
airways in case of positional change of the aspirated foreign body can lead to life-threat-
ening situations. Furthermore, formation of reactive granulation tissue can be very 
early and potentially lead to relevant complications during extraction. Flexible bron-
choscopy has a diagnostic accuracy of near to 100% but a very limited therapeutic role.  
Therefore rigid bronchoscopy under general anesthesia is currently the gold standard 
treatment for aspirated FB. Complications for rigid bronchoscopy for aspirated FB aspi-
ration are rare but potentially harmful; they include pneumothorax, laceration of the 
trachea and or bronchi, pneumomediastinum, edema of the mucus membrane, bleed-
ings and severe respiratory failure. FB extraction should therefore only be performed 
by, or under the supervision of, medical staff experienced in the procedure.

Further Indications for interventional bronchoscopy in children primarily involve 
the restoration of airway patency. While the majority of such applications involve the 
use of a rigid bronchoscope, considerable therapeutic benefit can often be achieved 
with flexible instruments. Besides the removal of aspirated foreign bodies the removal 
of mucus plugs in children with atelectasis is a frequently indication. This goes often 
hand in hand with diagnostic bronchoscopy, as persistent atelectasis, especially 
of the middle lobe, is frequently caused by protracted bacterial infections and/or 
structural anomalies of the respiratory tract (e.g. bronchomalacia or airway steno-
sis). Due to ongoing technological improvements with increasingly more specialized 
equipment becoming available, there have been numerous interventional procedures 
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devised in the last few decades. The number of these potential interventions contin-
ues to rise every year, but essentially is restricted to specialized centers and requires 
experienced, specially trained multidisciplinary teams to implement (Tab. 2.5.4). 

Tab. 2.5.4: Indications for interventional bronchoscopy.

Endoscopic guided ETT placement
Endoscopic hemostasis in pulmonary hemorrhage
Removal of pseudomembranes obstructing the airways
Removal of bronchial casts (Fig. 18)
Dilatation of congenital or acquired airway stenosis
Stenting of malacic or compressed airways (Fig. 7c)
Resection or size reduction of intraluminal tumors of the respiratory tract (Fig. 13b)
Intralesional drug injection (e.g. larynx papillomatosis)
Whole lung lavage in patients with pulmonary alveolar proteinosis (Fig. 19)
Endobronchial laser therapy (e.g. webs, bulky granulomas, cysts, tuberculosis, hemangiomas)
Endoscopic bronchial occlusion

Hartmut Grasemann, Pierre Goussard

Comment 

With great interest we read the excellent chapter “Bronchoscopy” by Dr. Nicolaus 
Schwerk. As nicely eluded to by the author, indications for bronchoscopy in children 
include diagnostic, therapeutic and interventional procedures as well as monitoring 
of disease. In general, bronchoscopy is associated with low morbidity and mortality if 
done under the necessary precautionary. With the availability of equipment that can be 
passed through the working channel of flexible scopes (e.g. grasping forceps, retrieval 
baskets and Wang transbronchial aspiration needles), more options for the use of flexi-
ble bronchoscopy in children are becoming available. These include removal of foreign 
bodies from the airways, which used to be an indication for rigid bronchoscopy only.

Video showing the removal of a foreign body using bronchoscopy.
https://www.degruyter.com/view/supplement/9783110419825_Bronchoscopy_2.mp4

Video showing the removal of a foreign body using bronchoscopy.
https://www.degruyter.com/view/supplement/9783110419825_Bronchoscopy_3.mp4
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Ideally, interventional bronchoscopists should be trained in both rigid and flexible 
bronchoscopy as it may be necessary during a procedure to change from one method 
to the other. Video recording and archiving of bronchoscopy findings will allow for 
subsequent evaluations and comparison to findings on previous or future procedures.

The equipment needed to perform bronchoscopies including scopes of various 
sizes for the use in different age groups and multiple indications, proper maintenance 
of the damageable equipment, disinfection, as well as appropriate processing of 
obtained biopsy or lavage specimen samples is costly, which may limit the use in 
certain endemic geographic regions despite its potential benefits. For example, a 
recent study from South Africa suggested a potential role of flexible bronchoscopy 
for the rapid confirmation of suspected pulmonary tuberculosis in children, using 
nucleic acid amplification tests such as GeneXpert (Xpert) on bronchoalveolar lavage 
(BAL) samples [3]). Endobronchial biopsies (EBB) may be useful in children with 
bronchial involvement due to tuberculosis. EBB also can be diagnostic for Kaposi 
sarcoma in HIV-infected children. Similarly, in addition to CD4/CD8 counts in BAL 
fluid, in HIV-positive children too sick for an open lung biopsy, transbronchial 
biopsies (TBB) can be useful in the diagnosis of lymphocytic interstitial pneumonia 
(LIP), as well as in suspected pulmonary alveolar proteinosis (PAP).

One growing area in the use of flexible bronchoscopy is endobronchial ultrasound 
(EBUS) and transbronchial needle aspiration (TBNA). TBNA can be used in endo-
scopic lymph node decompression in children with life-threatening airway obstruc-
tion due to enlarge lymphnodes, which have herniated into the airway [32]. TBNA is 
also very helpful in making a tissue-based diagnosis in children with enlarged medi-
astinal lymph nodes. Sub-carinal lymph nodes can be biopsied without ultrasound 
guidance. This has been shown to be very effective and also safe, even in children 
less than 1 year of age [33]. TBNA can be done through the 2-mm working channel of a 
flexible scope (outer diameter as small as 4.0 mm). Onsite cytology can help differen-
tiate tuberculosis and malignancies this way. Withd the smallest available ultrasonic 
bronchoscope size of 6.9-mm diameter, EBUS use is currently limited to older children.

Steve Cunningham

Comment

Modern bronchoscopy in children elucidates clinical problems and informs patient 
management safely and effectively. Schwerk’s chapter demonstrates how this can 
be achieved. Principle within this chapter is the importance of dynamic direct visual 
assessment of the airway in understanding patient pathophysiology. Multidiscipli-
nary interaction (pulmonology, thoracic, ENT, etc) during bronchoscopic evaluations 
can support integrated effective patient care management plans and common under-
standing between clinical teams.

Such interaction and understanding is important as different airway visualiza-
tion techniques provide very different perspectives. What might appear to be normal 
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airway dynamics to a rigid bronchoscopist may not appear normal to a flexible bron-
choscopist and vice versa. In terms of approach, the most obvious differences that 
would be seen is the spontaneous breathing versus assisted breathing in a paralysed 
child, but even in spontaneously breathing child the airway dynamic effects of differ-
ent approaches require to be appreciated: Suspended laryngoscopy may support the 
airway in an unphysiological manner; mask nasal approach is more physiological but 
the bronchoscope may enhance airway resistance (especially larger bronchoscopes) 
increasing traction malacia; laryngeal mask may distort the larynx and tracheal wall 
if poorly placed; endotracheal tube may inadvertently mask tracheomalacia by sup-
porting the tracheal wall. It should be remembered too that the airway is subject to 
multiple progressive points of resistance – reduction of one or more proximal points 
of resistance (by for example an endotracheal tube) could reduce resistance in the 
lower airway on an area of bronchomalacia that has been particularly troublesome, 
leading to an under appreciation of the true problem. Collaborative working and an 
appreciation of different approaches can help minimize interdisciplinary differences 
in airway assessments in the same child. 

One of the most common reasons for airway assessment in a young child is to 
assess a noise (stridor, wheeze, etc) emanating from the chest. Most important in 
this assessment is to “see” the noise. Visualization may require a range of diagnostic 
approaches under the same anesthetic with differing levels of anesthesia, but visual-
ization should be the principle aim of any such investigation.

Experiential, collaborative working and adequate preparation of the patient to 
achieve the aims of a bronchoscopic procedure provide excellent patient care and 
support effective management planning. Schwerk’s chapter provides the structure for 
this and should be understood by all who would wish to care for children who require 
airway investigation and diagnostics. 

Jaques De Blic

Comment

Since Gustav Killian who performed the first exploration with a rigid bronchoscope in 
1897 and Chevalier Jackson who performed the first foreign body extraction with rigid 
bronchoscopy in 1905, bronchoscopy in children has become an inescapable tool in 
the evaluation of respiratory problems in children. 

This chapter dedicated to pediatric bronchoscopy explores the differents aspects 
of the procedure. Some of them should be pointed out in particular. Kind of broncho-
scopes (rigid or flexible) and size of the instrument need to be carefully chosen accord-
ing to the weight and respiratory status of the child, the pathology to be explored and 
the procedure to be done. Flexible bronchoscopes are probably better for anatomical 
exploration, biopsies and bronchoalveolar lavage and rigid bronchoscopy for foreign 
body extraction and some other interventional procedures. However the use of basket 
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forceps may avoid a rigid bronchoscopy [34] while exploration of the posterior mem-
brane of the trachea and the search of a esotracheal fistula is probably best explored 
with rigid bronchoscope. Sedation is an important point that is underlined in this 
chapter. If there is no doubt whether rigid bronchoscopy should be performed under 
general anesthesia (ie deep sedation), flexible bronchoscopy may be done under con-
scious sedation or general anesthesia. The technique used depends on many factors 
including respiratory status, psychological and emotional status of the patient as well 
as underlying disease, type of procedure to be performed, drugs available and avail-
ability of anesthetist.

A detailed systematic inspection of the airways is the first step of the examina-
tion. Large series show that the most frequent indications for endoscopy are recurrent 
bronchopneumonia, persistent or recurrent pneumonia or atelectasis, severe recur-
rent or persistent wheezing [35]. In all these situations bronchoscopy is performed 
in search for an obstacle on the airways. The frequency of congenital and acquired 
abnomalities of the upper or lower airways is higher in children than in adults.

A special paragraph in this chapter is dedicated to bronchoalveolar lavage (BAL). 
BAL is probably the most common procedure performed during the bronchoscopy. 
The values of BAL in immunocompetent children are well detailed in this paragraph. 
Cytological analysis and staining are important when chronic interstitial pneumoni-
tis is suspected. The other value of BAL is the detection of an infectious agent in the 
immunocompromized children, and it may be difficult to distinguish if the recovered 
agent such as cytomegalovirus or aspergillus fumigatus is responsible for the respira-
tory symptoms or just resident in the airways.

Except for foreign body extraction, bronchoscopy in children is still not popular 
among physicians out of hospital centers. This chapter should be read by all physi-
cians in charge of children with respiratory diseases.
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3 Bronchopulmonary diseases

3.1 Introduction

Classification, diagnostic pathways and therapy recommendations relating to con-
genital malformations of the lung remain subjects of significant ongoing discussion. 
From the pediatric point of view, Ernst Eber summarizes the actual state of the 
debate, and his discussion is complemented with a surgical view provided by Mark 
Davenport. Particularly in terms of minimally invasive procedures, Steven Rothen-
berg contributes his outstanding experience in this topic. 

Ernst Eber

3.2 Congenital thoracic malformations

The phrase “congenital thoracic malformation” (CTM) is an umbrella term for a 
number of developmental abnormalities, including pulmonary parenchymal lesions 
such as congenital cystic adenomatoid malformation (CCAM), extra- and intralobar 
bronchopulmonary sequestrations, and congenital lobar and segmental emphyse-
mas as well as less frequent abnormalities such as bronchogenic and foregut dupli-
cation cysts [1, 2].

Over time, various classifications and nomenclatures have been proposed, based 
on the heterogeneous appearances of these malformations. The term “hybrid lesion” 
refers to a CTM with anatomical and/or histological overlap between a CCAM and a 
bronchopulmonary sequestration, e.g. a lesion with an abnormal blood supply and a 
histological appearance compatible with CCAM. Today it is assumed that CTMs share 
a common embryological origin and represent a spectrum of abnormalities of fetal 
lung development with significant overlap [1, 2]. It was proposed that airway obst-
ruction in utero might result in defective lung development, with different patterns 
of lung malformation according to the level, timing and degree of the obstruction [3]. 
While there is histological evidence for peripheral bronchial atresia or stenosis to be 
associated with all types of CTMs, the mode and timing of these incidents are still 
unclear [4].

The European Surveillance of Congenital Anomalies (EUROCAT), a European 
network of population-based registries for the epidemiologic surveillance of congeni-
tal anomalies, consists of 43 registries in 23 countries and covers approximately 30% 
of the European birth population. During the last years, the estimated incidence of 
CCAMs was around 0.9/10,000 live births, or about one quarter of all CTMs [5].

In developed countries, >90% of fetal lung abnormalities are detected in antena-
tal screening programmes. Many of these lesions will have regressed and some even 
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disappeared on postnatal ultrasound and chest X-ray examination. Nevertheless, all 
children with antenatally detected CTMs need postnatal evaluation including ultra-
sound with Doppler, chest X-ray and chest computed tomography (CT) scan with int-
ravenous contrast or magnetic resonance imaging (MRI). These investigations shall 
characterize the malformation, its vasculature and whether a communication with 
the tracheobronchial tree is present. To rule out a foregut communication, an esopha-
geal contrast study may be necessary. Further, all children should be evaluated for 
associated congenital disorders, in particular cardiac anomalies [1].

There is a lack of prospective studies on the natural history of antenatally detec-
ted CTMs. Thus, there is an urgent need for both a systematic approach to congenital 
lung malformations with separate clinical and pathological descriptions and structu-
red prospective observations of the natural history of antenatally detected asympto-
matic malformations, to be able to offer relevant counseling to parents in the future.

Further, more studies are needed to resolve the issue of lung growth and lung 
function both with surgical and non-surgical management. Clearly, the long-term res-
piratory outcome after surgery to some degree depends on the extent of lung resection. 
The potential for alveolar growth and hence the ability of children to replace lost lung 
parenchyma by compensatory lung growth is believed to decrease with age; however, 
the evidence is scanty and studies have produced conflicting results. To some extent, 
overexpansion of the residual lung contributes to compensation for volume loss [1, 2].

As regards management of CTMs, this chapter will focus on postnatal life. For 
reasons of reference, the terms CCAM, bronchopulmonary sequestration, congenital 
lobar and segmental emphysema, and bronchogenic and foregut duplication cyst will 
be used.

3.2.1 Congenital cystic adenomatoid malformation (CCAM)

A congenital cystic adenomatoid malformation (CCAM) is an abnormality of the ter-
minal respiratory structures, containing no cartilage and consisting of cysts and solid 
airless tissue with bronchiolar elements. In the majority of cases, a single lobe is 
affected, with no particular preference for side and a predilection for the basal lobes. 
Bilateral lesions are uncommon and usually have a poor prognosis [1, 2].

The original Stocker classification distinguished three types (1, 2, and 3): In the 
“macrocystic type” (1) one or more large cysts predominate (this type may be hard 
to distinguish from lung cysts); the “microcystic type” (2) consists of numerous 
small cysts; and the “solid type” (3) is characterized by a mass of airless tissue. Sub-
sequently, Stocker proposed a new name for these lesions – congenital pulmonary 
airway malformation (CPAM) and also the rarer types 0 and 4: type 0 is a tracheobron-
chial defect (also known as acinar dysplasia), characterized by firm small lungs with 
a bronchial airway; type 4 is an entirely alveolar defect at the lung periphery [6, 7].  
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Of the five types, only types 1, 2 and 4 are cystic, and only types 1, 2 and 3 are adeno-
matoid. Type 4 shows histological overlap with grade 1 pleuropulmonary blastoma, 
with the only distinguishing feature being a lack of blastema in CCAM type 4 [2]. Table 
3.2.1 summarizes the characteristics of this classification.

Tab. 3.2.1: Classification of congenital pulmonary airway malformations according to Stocker [6, 7].

Type Incidence Cyst size Histology

0 Rare Complete failure of development beyond 
pseudoglandular stage (acinar dysplasia); lethal.

1 Common Large cysts (>2 cm), 
can be multiple.

Pseudostratified ciliated columnar epithelium, 
intermixed with rows of mucous cells; possible 
malignant change (mucinous adenocarcinoma).

2 Common Multiple small cysts, 
sponge-like.

Dilated bronchiole-like structures, intermixed 
with simplified alveolar parenchyma; occasionally 
striated muscle.

3 Rare Solid Bronchiolar structures separated by small air spaces 
with cuboidal lining, resembling late fetal lung.

4 Rare Large cysts Peripheral and thin-walled cysts, lined 
by alveolar or bronchiolar epithelial cells upon 
loose mesenchymal tissue; related to regressed and 
grade 1 pleuropulmonary blastoma.

Clinical features vary extensively. Antenatally, large lesions may compress the ipsi-
lateral lung and via mediastinal shift also the contralateral lung, resulting in lung 
hypoplasia. Compression of the esophagus may cause polyhydramnios, and the 
resulting distension of the uterus may induce premature labor. Impairment of venous 
return and hydrops may lead to fetal or neonatal death. Antenatal assessment of large 
lesions comprises evaluation by fetal ultrasound, fetal echocardiogram, ultrafast 
MRI and fetal karyotype. However, in utero therapy is only required in a minority of 
highly selected fetuses. Proposed interventions include maternal steroid administra-
tion, puncture or shunting of macrocystic masses, alcohol embolization or lasering 
of a feeding vessel, lobectomy via hysterotomy for more solid masses and resection 
while on placental circulation. A pleural effusion may be treated with a pleuro- 
amniotic shunt. Fetal therapy requires the expertise of a highly skilled multidiscipli-
nary team, and the evidence base for these interventions is relatively poor [1, 7].

However, the majority of fetuses have a good outcome, and an initially large 
lesion does not necessarily correlate with a poor prognosis; in fact, the growth pattern 
is unpredictable. Complete postnatal spontaneous resolution of a CCAM occurs very 
rarely. As diaphragmatic defects may be missed on ultrasound, CCAM and congenital 
diaphragmatic hernia sometimes are difficult to differentiate, not only antenatally 
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but even in newborns. A correct diagnosis, prerequisite for providing appropriate 
management and parental counseling, may not be possible despite the use of serial 
ultrasound scans and MRI [1, 2].

Approximately 10% of neonates will have respiratory distress shortly after birth; 
they should undergo urgent CT to confirm the nature of the lesion and subsequent 
emergency surgery. In a recent review, the mortality rate during the neonatal period 
was suggested to be about 7% [8]. The majority are smaller lesions which are usually 
asymptomatic in early postnatal life (Fig. 3.2.1).

Fig. 3.2.1: Chest CT of a 10-month-old girl with 
a CCAM type 2 in the right lower lobe. The 
malformation was diagnosed antenatally,  
and the girl was asymptomatic.

If not detected antenatally, the diagnosis of smaller lesions may be delayed until 
school age, adolescence or even adulthood. However, many of them are diagnosed 
within the first two years of life, as they are prone to develop infection (pneumonia, 
lung abscess, empyema). Occasionally, they present later with hemoptysis, pneumo-
thorax due to cyst rupture or high output cardiac failure (if there is a large systemic 
arterial blood supply) [1, 2, 7, 9].

In addition, there is a clear relationship between CCAM and malignant transfor-
mation although the risk of transformation and the overall prevalence are not known. 
Pleuropulmonary blastoma is a rare aggressive neoplasm with an unfavorable  
outcome; preschool children are typically affected. Some authors regard pleuropul-
monary blastoma as the pulmonary dysontogenetic analog to Wilms’ tumor in the 
kidney and neuroblastoma in the adrenal gland. Up to 40% of pleuropulmonary blas-
tomas will show cysts, and with the histological overlap between CCAM type 4 and 
grade 1 pleuropulmonary blastoma there is potential diagnostic confusion [1, 2, 10, 11]. 
Bronchioloalveolar carcinoma has repeatedly been reported to arise in pre-existing 
CCAM type 1, and the mean age for this complication appears to be young adulthood. 
However, bronchioloalveolar carcinoma has also been described in pediatric cases 
with CCAM, strongly suggesting malignant transformation of underlying CCAM. Evi-
dence suggests that CCAM is a pre-invasive lesion for mucinous bronchioloalveolar 
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carcinoma, and it has been pointed out that lack of growth over many years cannot be 
entirely trusted as a criterion of benignity [1, 2].

Surgery is the accepted standard of care for symptomatic lesions, and is defini-
tely indicated when a postnatal complication occurs or when antenatal treatment has 
already been performed [1, 9].

The main reasons for surgical management of asymptomatic lesions are (1) to 
prevent complications such as infection, bleeding, pneumothorax, sudden respira-
tory compromise and malignancy, (2) to reduce post-operative complications (com-
pared to emergency surgery) and (3) to encourage compensatory lung growth (which 
may be better after early, rather than delayed, surgery). Based on the evidence availa-
ble today, a weak recommendation can be given to resect asymptomatic cystic CTMs 
[1, 7, 9]. While a clear recommendation for the timing of surgery cannot be given at 
present, most surgeons opt for excision of the lesion during the first year of life, and 
many around the first birthday [1, 7]. Expert pathology review of the excised speci-
men is essential, and genetic analysis should be considered where appropriate. Of 
note, in a rather large series of antenatally detected, asymptomatic cystic malforma-
tions almost a quarter had histological evidence of infection whether they ultimately 
turned out to have CCAM, bronchopulmonary sequestration, or a hybrid lesion; 
almost 3% showed malignancy [12].

Surgery for asymptomatic lesions is controversial, but needs to be balanced 
against risks of radiation (serial imaging with CT scans with a not insubstantial risk 
of later cancer), general anesthesia (or sedation), equally important the potential loss 
to follow-up, and the risk of malignancy. As yet, MRI does not appear to be sufficiently 
detailed to replace CT in this field [1, 2, 7].

Whether surgery is performed or not, patients with CCAMs should be followed-up 
into adulthood with standardized protocols. A multi-disciplinary approach to the 
management of these lesions is of great importance.

3.2.2 Sequestration

The reported incidence of bronchopulmonary sequestrations ranges between 1% and 
6% of all CTMs. Sequestrations are lesions predominantly comprising solid, nonfunc-
tioning bronchopulmonary tissue, typically with no bronchial communication and 
aberrant blood supply via systemic arteries (from the lower thoracic or upper abdo-
minal aorta or one of its major branches). They usually drain their venous blood nor-
mally into the left atrium; occasionally, venous drainage may also be abnormal to the 
right atrium, inferior caval vein or the azygos system. Depending on their appearan-
ces, sequestrations are commonly divided into intralobar and extralobar types. Intral-
obar sequestrations are lesions embedded in normal parenchyma, covered by visceral 
pleura in continuity with the normal lung. Extralobar sequestrations are invariably 
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solid, have their own separate pleural covering maintaining complete anatomical 
separation of the mass from the rest of the lung, and are usually located beneath 
the left lower lobe. About two-thirds of all sequestrations are located in the posterior 
basal segment of the left lower lobe, and the lesions usually occupy a lung segment 
or less (Fig. 3.2.2).

Fig. 3.2.2: Chest X-ray of a 6-month-old girl with 
an extralobar bronchopulmonary sequestration 
in the left lower lobe. The malformation 
was diagnosed antenatally, and the girl was 
asymptomatic.

In addition, a number of reports described ectopic (intra- or subdiaphragmatic) 
locations. Especially extralobar sequestrations may be found in association with  
diaphragmatic hernias or other malformations [1, 2, 7].

The lesions may contain cysts, and – as mentioned above – hybrid malformations 
with coexisting features of CCAM type 2 are seen in up to 60% of cases (Fig. 3.2.3a and b).

(a) (b)

Fig. 3.2.3a: Chest X-ray of a 10-month-old girl 
with a hybrid lesion in the left lower lobe. The 
malformation caused a shift of the mediastinum 
to the right, and the girl presented with mild 
tachypnea. 
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In a large series of extralobar sequestrations, half (23/46) of the cases were associ
ated with a coexistent CCAM, all of them type 2 lesions on histologic examination [1].

Antenatally, sequestrations present with increased echogenicity on ultrasound 
or increased signal intensity on MRI, similar to CCAM type 3 lesions. Differentiation 
between a bronchopulmonary sequestration and a CCAM is usually made on the basis 
of a separate blood supply; however, CCAMs can also have a separate blood supply. 
Antenatally, sequestrations appear to have a favorable outlook. A few will present 
with hydrothorax and pleural effusion, requiring in utero drainage. Many sequest-
rations show a decrease in size over time, and some even completely disappear on 
serial antenatal ultrasound scans. As for CCAMS, it is imperative to search for these 
malformations by CT or MRI angiography, even when they are undetectable on post-
natal ultrasound and chest radiograph examinations [1, 2, 7]. Sequestrations have a 
variety of imaging appearances, including a consolidation, a mass or a cystic or mul-
ticystic lesion. Extralobar sequestrations are almost always airless, sharply defined 
and homogeneous.

In the majority of infants, a sequestration remains asymptomatic until infection 
develops. Recurrent localized pneumonitis, with fever and occasionally purulent 
sputum or hemoptysis, may develop at any age from infancy to adulthood, more 
frequently with increasing age and in patients with intralobar sequestrations. The 
malformation may also be found incidentally on a chest radiograph. The size of 
abnormal arteries and veins, and thus blood flow through the malformation may be 
considerable. As a consequence, a sequestration – functioning hemodynamically 
as a systemic arteriovenous malformation – may cause cardiovascular symptoms 
or even lead to cardiac failure. Bronchopulmonary sequestrations rarely have been 
linked with malignancy in adulthood (almost always but not exclusively intralobar 
sequestrations); speculatively, these tumors developed in hybrid lesions [1, 2].

Fig. 3.2.3b: Angiography of a 10-month-old girl 
(same patient as in Fig. 3.2.3a) with a hybrid 
lesion in the left lower lobe, showing a large 
aberrant artery originating from the abdominal 
aorta.(a) (b)
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As for CCAMs, surgery is the accepted standard of care for symptomatic sequest-
rations, and is indicated if antenatal treatment has already been performed or when a 
postnatal complication arises [1, 9].

Because the exact incidence of complications and the natural history of broncho-
pulmonary sequestrations are largely unknown, it is difficult to give an evidence-based  
argument for the treatment of antenatally diagnosed, asymptomatic sequestrations. 
Some authors believe that asymptomatic children with non-cystic sequestration 
may be followed up expectantly. Others advocate resection of all bronchopulmonary 
sequestrations because of the risks of complications (infection, hemorrhage and 
malignancy); in particular, resection of intra- and subdiaphragmatic bronchopulmo-
nary sequestrations was suggested to rule out a tumor. As extralobar sequestrations 
appear to have a lower risk of developing complications than intralobar ones, their 
management is even more controversial [1, 9]. In any case, the risks of complications 
of the malformation itself must be weighed against the risks of surgical morbidity. 
Unfortunately, reasonable risk estimates are difficult to obtain from the literature. 
However, with the high frequency of hybrid lesions and the apparently low morbidity 
with modern surgical techniques, elective surgery might be the preferable strategy in 
children with an antenatally detected and postnatally verified lesion. In addition, the 
cost : benefit ratio of repeated CT scans with significant radiation exposure, as well as 
of office visits, needs to be considered.

As an alternative to surgery, embolization of the systemic feeding artery has been 
used in children with bronchopulmonary sequestrations [13, 14]. It was suggested that 
particularly infants with sequestrations who present with congestive heart failure 
might benefit from embolization alone or in combination with subsequent surgical 
resection. However, general anesthesia is also needed, embolization may not be as 
adequate as complete resection of the lesion, and long-term results are lacking. Thus, 
it appears that embolization cannot be recommended as sole treatment modality  
[1, 7, 14].

3.2.3 Congenital lobar and segmental emphysema

Congenital lobar emphysema (CLE) is characterized by hyperinflation of one or 
(rarely) more lobes, usually as a consequence of bronchial obstruction with a valve 
mechanism; localized malformations and/or deficiencies of bronchial cartilage, val-
velike mucosal folds, and extrinsic bronchial compression all have been described 
as causes. Approximately half of the lesions are located in the left upper lobe; right 
upper lobe and middle lobe are less frequently affected. CLE often is associated with 
congenital heart disease [1, 2].

Recently, a sub-type of congenital parenchymal lung pathology, termed conge-
nital segmental emphysema (CSE), has been described. CSE is characterized by post-
natal evolution from an initially solid segmental appearance to a hyperlucent and 
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hyperinflated segment. Other authors prefer the term “peripheral bronchial atresia” 
for the apparently same entity [15]. Bronchial atresia, the most likely underlying and 
often hidden pathology, is found within a spectrum of antenatally diagnosed lung 
lesions, such as CCAMs, bronchopulmonary sequestrations, hybrid lesions and  
CLEs. Further, CLE specimens may show both cystic adenomatoid and polyalveolar 
changes [4].

A polyalveolar lobe with an increased number of normally expanded alveoli per 
acinus may also cause radiologic “overinflation” and thus resemble CLE. The affected 
lobe, usually the left upper, is enlarged and air-filled, and clinically resembles CLE. The 
etiology is obscure but some authors speculate that the two morphological patterns 
classic hyperexpansion and polyalveolar lobe might be related to different outcomes of 
a putative lesion during lung development, depending on the timing of this lesion [1, 2].

Complications of CLE are mostly mechanical, and the lesion uncommonly causes 
symptoms outside the neonatal period; further, there is hardly any evidence for 
malignancy occurring in this lesion. CLE tends to compress the surrounding lung 
tissue and to displace the mediastinum, and thus to present early with respiratory 
distress (Fig. 3.2.4).

Fig. 3.2.4: Chest X-ray of a 3-month-old boy 
with congenital lobar emphysema of the right 
upper lobe. The malformation compressed the 
surrounding lung tissue and caused a shift of the 
mediastinum to the left, and the boy presented 
early with respiratory distress.

While the majority of patients present within the first weeks or months of life, a coin-
cidental detection of the malformation may occur at any age. As the antenatal ultra-
sound appearance of CLE is relatively inconspicuous, this malformation is not readily 
diagnosed before birth. Postnatally, a chest radiograph and/or a chest CT scan are 
generally diagnostic. Flexible bronchoscopy may reveal the cause of bronchial obst-
ruction [1, 2]. CLE may be misdiagnosed as pneumothorax, and patients with severe 
respiratory distress frequently undergo chest tube drainage.

For many years, surgical removal of the affected part of the lung (lobectomy or 
segmental lung resection) was the standard recommended treatment. More recently, 
several authors have advocated a conservative approach on the basis of CLE cases in 
whom symptoms gradually resolved (Fig. 3.2.5).
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Thus, a number of pediatric pulmonologists now tend towards a trial of supportive 
treatment and observation instead of resorting to surgery immediately after diagno-
sis; surgical intervention may be reserved for children who do not improve or who 
present as newborns with very severe respiratory distress [1, 9, 16].

While conservative treatment in mildly to moderately symptomatic children 
with CLE appears to be appropriate, it calls for a close follow-up to ensure that 
there are no adverse outcomes with an expectant, non-surgical approach. In an 
old and small study, normal growth rate of functional lung tissue was reported for 
both children after surgical resection of CLE and children in whom CLE had been 
managed conservatively. Thus, it appears that growth of the remaining lung is 
not hampered by a non-resected cystic lesion, or space-occupying hyperinflated 
lobe. Since then, successful long-term expectant management has been repeatedly 
reported [16]. However, further data on long-term follow-up courses are clearly 
desirable, especially in the light of the finding that CLE specimens may show cystic 
adenomatoid changes [4].

3.2.4 Bronchogenic and foregut duplication cysts

Bronchogenic cysts originate from defective development of the large airways 
(trachea or bronchi) and share their origin with foregut duplication cysts; their pre-
valence is unknown. They are thick-walled (containing smooth muscle, and occasio-
nally cartilage) cysts, and are lined by respiratory epithelium [2]. Bronchogenic cysts 
are usually single and sometimes quite large malformations; most of them are located 
in the paratracheal or carinal region thus presenting as mediastinal cysts, but intra-
pulmonary forms may also be seen (Figs. 3.2.6 and 3.2.7).

Fig. 3.2.5: Chest X-ray of a 4-year-old boy 
(same patient as in Fig. 3.2.4) with congenital 
lobar emphysema of the right upper lobe. Mild 
hyperinflation of the right upper lobe and no 
shift of the mediastinum; at this time, the boy 
was asymptomatic.
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Foregut duplication cysts may be found in the posterior mediastinum. Apart from gut 
tissue, they may also contain neural elements and may be associated with vertebral 
malformations [1].

With wide-spread use of antenatal ultrasound, today these cysts are often detec-
ted before birth. Many cysts are asymptomatic and thus may be found incidentally 
on a chest radiograph. Bronchogenic cysts may be obstructive to neighboring struc-
tures (e.g. esophagus) and in case of airway compression may lead to cough, wheeze, 
dyspnea or even respiratory distress. Radiographic findings are variable, ranging from 
a rounded mass projecting from the mediastinum and with uniform density similar to 
that of the cardiac shadow to hyperinflation or atelectasis of a lobe or an entire lung. 
Air-fluid levels may be seen when the lesion communicates with the tracheobronchial 
tree. Chest CT or MRI usually permit to confirm the nature of the lesion [1].

Fig. 3.2.6: Chest X-ray of a 1.5-year-old girl 
with a bronchogenic cyst projecting from the 
mediastinum. The typically rounded paratracheal 
mass with uniform density was found 
incidentally, and the girl was asymptomatic.

L

Fig. 3.2.7: Chest X-ray of a 7-year-old girl with 
an intrapulmonary bronchogenic cyst in the left 
lung. The lesion was found incidentally, and the 
girl was asymptomatic.
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Secondary infection of a cyst is a frequent complication and may cause acute disten-
sion with exacerbation of symptoms. In addition, peptic ulceration may develop in cysts 
containing gastric mucosa. As a serious complication, malignant transformation has been 
described leading to squamous cell carcinoma or bronchioloalveolar carcinoma from the 
lining epithelial cells to leiomyosarcoma from the wall, typically during adulthood [1, 2].

There is good evidence to recommend surgical resection of symptomatic broncho-
genic cysts. In contrast, the evidence for conservative management of asymptomatic 
cysts is very limited. Both the high risk of developing typical cyst-related complica-
tions and the small risk of malignant transformation may justify removal of the lesion 
even in asymptomatic patients, as surgery can usually be performed without signifi-
cant loss of functional lung tissue, and with virtually zero mortality and an accepta-
ble rate of morbidity [1, 9, 17].

Steven Rothenberg
3.2.5 VATS in congenital thoracic malformations 

There are numerous indications requiring pulmonary lobe resections in infants and 
children, but the majority are for the broad spectrum of bronchopulmonary malforma-
tions that present in early infancy and childhood. These include bronchogenic cysts, 
bronchopulmonary sequestrations, congenital pulmonary airway malformation 
(CPAM) and congenital lobar emphysema (CLE) [18]. These lesions may be detected by 
prenatal ultrasound, present as acute respiratory distress in the newborn period, or 
may remain undiagnosed and asymptomatic until later in life. 

Treatment may vary somewhat depending on the time of diagnosis and the presen-
tation, but in most cases complete lobar resection is the desired therapy. Minimally inva-
sive techniques now allow these procedures to be done with much less pain and morbi-
dity and avoid the long-term consequence of a thoracotomy in an infant or small child. 

Thoracoscopic lobectomy can be one of the most technically demanding procedu-
res performed by a pediatric surgeon. The ability to first correctly identify vital struc-
tures to both the affected lobe and those going to areas needing to be preserved, and 
then safely secure the large pulmonary vessels, and a general lack of adequate lung 
case volume for most pediatric surgical trainees make these procedures even more 
difficult to adopt. However, a strict adherence to certain principals and a full under-
standing of pulmonary anatomy can help in assuring that these procedures are done 
safely and correctly. The basics of a thoracoscopic approach (or VATS) [19] and the 
most important points are emphasized here. 

Technique
The procedures are performed with the patient in a lateral decubitus position and in 
most cases single-lung ventilation, obtained by mainstem intubation of the contra-
lateral side is desired. In cases where single-lung ventilation could not be achieved, 
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CO2 insufflation alone is usually adequate to achieve lung collapse, but the anest-
hetist needs to take care not to increase inspiratory pressures and inflate the lung 
especially during critical aspect of the dissection. In general, bronchial blockers are 
not necessary, and often attempts to place them can take excessive time and are often 
unsuccessful or the blocker becomes dislodged during the procedure. Most infants 
and children with bronchopulmonary malformations tolerate single lung ventilation 
without any problem.

The room is set up to facilitate an anterior approach (Fig. 3.2.8a). This is used because 
there is more space from the anterior chest wall to the lung hilum, then from a posterior 
approach, as is typical with an open thoracotomy. The surgeon and assistant are at the 
patient’s front with the monitor at the patient’s back. The chest is first insufflated with 
CO2 using a veress needle to help collapse the lung and avoid injury of the parenchyma 
with a trocar. Three trocars are used in almost all cases. The first port is placed between 
the posterior and mid axillary line in the fifth or sixth interspace. This placement allows 
determination of the position of the major fissure and evaluation of the lung parenchyma. 
The most common error is to place this port to far posterior. This forces the surgeon to look 
back on his instruments while working in the anterior portion of the fissure or the anterior 
hilum. This is extremely difficult as it forces the surgeon to work in a paradox (against 
the camera). The more anterior position avoids this and allows the surgeon to look down 
on his instruments for the majority of the procedure. The position of the fissure should 
dictate the placement of the other ports. The working ports are placed in the anterior axil-
lary line above and below the camera port (Fig. 3.2.8b). 

Three valved ports, ranging from 3 to 5 mm, are used in most cases. A fourth port 
can be added for retraction if necessary but is rarely needed. In the majority of cases 

Fig. 3.2.8: (a) Room set up thoracoscopic lobectomy. (b) Trocar placement for a right-sided 
lobectomy. The camera port is in the mid-axillary line one interspace below and anterior to the tip of 
the scapula.
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vessel sealing technology is used to handle the pulmonary vessels, especially in small 
infants. A bipolar sealing device in a 3-mm curved dissector design (JustRight Surgi-
cal, Louisville, Co.) is our preferred device. In larger patients (>20 Kg) the 5 mm Liga-
sure (Medtronic, Boulder, Co.) is used. These devices are preferred because it can be 
used to dissect out the vessels and obtain adequate vessel length. Two separate seals, 
a minimum of 3 to 5 mm apart are then created (Fig. 3.2.9a). If there is not adequate 
length of the vessel to achieve two separate seals, the surgeon can simply dissect into 
the lung parenchyma to get adequate length. The vessel is then partially divided with 
scissors between the seals to insure both seals are secure and there is no bleeding, 
before the vessel is completely divided and retracts (Fig. 3.2.9b). If there is any evi-
dence of bleeding from the partially cut lumen the surgeon still has control and can 
regrasp and reseal the vessel. The same device and technique can also be used to seal 
and divide the lung parenchyma in cases of an incomplete fissure, resulting in an air 
and water tight seal of the lung. 

Each lobe is approached relatively the same. The branches of pulmonary artery to 
the affected lobe are dissected out, sealed and divided first, often at the segmental level. 
In general the pulmonary vein is then similarly treated, and then lastly the bronchus. 
For the last few years, in lower lobectomies, the bronchus was divided prior to the vein 

because this yielded excellent exposure of the trunk of the inferior pulmonary vein, 
facilitating safe isolation and division. A chest tube is left in all cases of lobar resection.

In larger patients (generally those over 20 kg), an endoscopic stapler can also be 
used to secure some or all of the major pulmonary vessels. There is also now a 5-mm 
stapler (Justright Surgical) which can be used to take the main pulmonary vascular 
trunks in infants under 15 kg. 

Fig. 3.2.9: (a) Applying the distal seal to the segmental artery to the pulmonary artery with a 3-mm 
sealer. The proximal seal is already in place. (b) Cutting the vessel part way to insure both seals are 
competent before the vessel is completely divided. 

(a) (b)
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The bronchus to the affected lobe is dissected in a similar fashion to the artery 
and isolated. In infants under 10–15 kg, the 5-mm stapler is used to seal the bronchus 
(Fig. 3.2.10), if this is not available 5-mm clips or suture can be used. In larger patients 
a 12-mm endoscopic stapler was used. 

If there are large space-occupying cysts, these are first “collapsed” using the 
vessel sealer. The cystic areas of the lung is grasped, and energy is applied. This 
causes the cyst to involute, creating more intrathoracic space and improving the 
surgeon’s ability to manipulate the lung and identify important structures. 

Fig. 3.2.10: Applying a 5-mm stapler to the 
bronchus of the left lower lobe in a 4-kg infant. 

Discussion
Thoracoscopic lobectomy in children for congenital cystic lung disease is now an 
accepted and well-described technique [20–24]. Most authors agree on the relative 
merits of a thoracoscopic approach, including less pain, shorter hospital stay, and 
decreased long-term morbidity, including chest wall deformity, shoulder girdle wea-
kness, and scoliosis [25]. Despite this general consensus, the adoption of this tech-
nique and surgeons’ comfort with the approach remain relatively low. We believe 
there are three main reasons for this. First, the average trainee in general surgery and 
pediatric surgery fellowship receives very little open or endoscopic thoracic training. 
Experience with lung biopsy, empyema, and mediastinal masses is usually adequate, 
but exposure to complex lung resections maybe limited. This lack of volume results 
in a decreased familiarity with pulmonary anatomy. Using a thoracoscopic approach 
further compounds this, as the surgeon can no longer put his or her hand in the chest 
cavity to palpate the structures and identify the anatomy. 

One of the most difficult aspects of these cases is when the fissure is incom-
plete and the pulmonary vessels are not readily visible. We have found that using 
the tissue- sealing technology to dissect and divide the parenchyma of an incomplete 
fissure is the safest way to approach this. The fissure is approached layer by layer until 
the pulmonary artery is visualized. Using the vessel sealer results in limited bleeding 
and air leak. 
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The second issue has been standardizing an anterior approach. During an open 
thoracotomy the surgeon is generally positioned at the patient’s back. For thoracosco-
pic lobectomies the surgeon and assistant are positioned at the patient’s front. This 
is especially important in smaller patients, as there is more room from the chest wall 
to the mediastinum, where the pulmonary vessels arise. This added space was even 
more important early on because of the relatively large nature of the sealing and stap-
ling technology available until recently. In many cases the jaws of the instruments 
barely fit into the thoracic cavity, and this could make the manipulation and firing 
the devices difficult. The new 3 mm sealer and 5 mm stapler have made this less of an 
issue but we still believ this approach is superior.

Understanding the anatomic relationships for each lobe using this anterior 
approach are critical to success. The three-dimensional relationships of the vessels 
and bronchi to each lobe, which cannot always be seen in the two- dimensional view 
of the scope are important to understand. It is often helpful to have a senior surgeon 
with significant thoracic experience available for consultation, even if they don’t have 
significant thoracoscopic experience. The third major issue was standardizing the 
management of the pulmonary vessels. 

Early in our experience we learned that thoracoscopic suture ligation of each 
individual vessel was difficult and time consuming. The small working space, dif-
ficulty in achieving traction and countertraction to obtain adequate vessel length 
while suturing, and the technical demands of tying a secure knot made this process 
laborious. We do not favor endoscopic clips for most vessels because of the risk 
of dislodging them during the extensive tissue manipulation necessary during a 
lobectomy. 

Therefore, early on we adopted vessel sealing as a way to safely mange the pul-
monary vessels [26]. The initial 5-mm sealing device used could manage a vessel up 
to 7 mm in diameter and was an adequate tissue dissector. The 3-mm sealing device 
now available can seal vessels up to 5 mm and works well as a dissector, especially 
in the smaller chest cavities of infants. It is more than adequate for most pulmonary 
vessels in children under 10 kg and for segmental branches in larger children. A key to 
using vessel-sealing technology effectively is to make proximal and distal seals on the 
vessel approximately 3–5 mm apart. Using scissors, a partial cut is made to determine 
that the seals are secure and that there is no bleeding once the lumen is entered. Once 
the vessel is partially divided and no bleeding is seen, the vessel can be completely 
divided. The benefit of the technique described is the opportunity to reseal the vessel 
before the vessel retracts and control is lost. 

Because of the relatively large nature of the pulmonary vessels and the limited 
space in the chest cavity, it takes very little blood to obscure the operative field and 
force conversion to an open thoracotomy. For this reason, we have avoided any energy 
devices that seal and divide the vessel in one step, because if the seal fails the ability 
to salvage the situation is minimal. We have had only one conversion to open for blee-
ding since adopting this technique. That was a clear technical complication by the 
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surgeon on a large sequestration vessel. A second vessel lying behind the first was not 
seen and was inadvertently cut while dividing the first vessel that was sealed. 

For bronchus management we initially cut and then suture the bronchus using 
polydioxanone suture in smaller patients. This can be time consuming and techni-
cally demanding. We discovered that in most patients <10 kg the bronchus could be 
occluded using 5-mm endoscopic clips. If the lobar bronchus is too large, then distal 
dissection allows for a segmental bronchus to be taken. This decreases the size of 
the remaining main trunk. For example, the superior segment bronchus in a lower 
lobectomy can be occluded separately, and then the trunk to the basal segments can 
be taken with a second clip. In larger patients we used the 12-mm endoscopic linear 
staplers. However, because of the variations in anatomy and the close proximity of 
the bronchus to the other lobes, extreme care must be taken to avoid compromising 
the other bronchi. Therefore, if there is any question the bronchus to the target lobe 
should be divided sharply and sutured close. There is now new 5-mm stapling tech-
nology that better fits in the chest cavity of infants and children and should eliminate 
the use of clips and larger staplers in these smaller patients. 

The benefits of thoracoscopic surgery are clear and have been well documen-
ted previously. We also favor earlier resection of prenatally diagnosed lesions 
before they become infected or the patients become symptomatic. We have docu-
mented our experience with infants <10 kg and showed that these procedures had 
shorter operative times, lower complication rates and shorter hospital stays [27]. 
In older infants, there can be significant adenopathy and inflammation in the 
fissures and around the pulmonary artery, making identification and safe divi-
sion of these vessels much more difficult. These procedures are technically easier 
in infants at or near 5 kg despite the smaller working space as evidenced by the 
shorter operative times in this group when performed as compared with older 
patients. The length of stay (LOS) in this group is also shorter. Some are concer-
ned with issues regarding hypercapnia, cerebral hypoxemia and hypoperfusion 
during anesthesia in these smaller infants. However, this has not been an issue 
in our experience or in large series reported from Stanford and The Children’s 
Hospital of Philadelphia.

Many authors have clearly documented the issues involved with trying to operate 
on these lung lesions using thoracoscopy once the infant has already had a clinical 
chest infection. They document a higher complication rate in those patients who were 
diagnosed after a chest infection and underwent a thoracoscopic lobectomy compa-
red with those diagnosed prenatally and operated on prior to any clinical infections. 
Garrett-Cox et al [28] found that 83% of patients converted to open surgery had a pre-
vious chest infection. These and other studies demonstrate that 30%–40% of patients 
with bronchopulmonary malformations will develop significant pulmonary infec-
tions during their lives; thus we prefer to remove these lesions before they become 
symptomatic to avoid a more complicated surgery. 
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The timing of surgery remains somewhat controversial, but there is little evi-
dence to suggest that delayed resection improves outcome. In fact, because of the 
factors mentioned above, earlier resection would seem to be preferable. In our expe-
rience patients <5 kg had a shorter average operative time of 90 min and shorter LOS  
(<2 days). Several patients are operated on during the first week of life to avoid a 
return trip because the families had traveled significant distances to deliver at our 
maternal/fetal/neonatal center. 

For those who argue for conservative nonoperative management of these lesions 
in asymptomatic patients, despite the high incidence of infection, we have seen  
two cases of unsuspected pulmonary blastomai. We feel the risks of recurrent infec-
tion and possible malignancy outweigh the risks of intervention if a thoracoscopic 
approach is used in an institution with a large experience in these procedures. 

Mark Davenport

Comment

This chapter offers an insight into a multiplicity of congenital intrathoracic patho-
logy areas stretching from intrauterine life to adolescence from the perspective of the 
earliest years of the twenty-first century. There are things which have changed and 
some which have remained the same. There has been a fashion for an all-enveloping 
title for all these things – congenital thoracic malformation (CTM) or congenital pul-
monary airway malformation (CPAM); indeed that they are all interlinked in some 
way [29]. While this gives the sense that there may be common progenitors there are 
enough dissimilarities within each pathological sector to retain clinical nomencla-
ture – e.g. sequestrations (ICD 9th 748.5) are clinically, observationally, radiologically 
distinct from the cystic adenomatoid malformation (CCAM) (ICD 9th – 748.4) and this 
should still be the discerning clinician’s focus.

A major therapeutic advance are maternal steroids (usually betamethasone) 
which can influence outcome in fetuses with significant CCAM (both macro and 
microcystic) with remarkable effect. The Philadelphia group recently reported an 
updated experience (n = 43) with both single shot and repeated steroid courses in 
fetuses with large macrocystic CCAM at risk of or actually with hydrops [30]. Over 
80% showed a diminution in lesion size and as a consequence an increase in survival 
proportions and a clear decrease in the need for fetal lung resection.

The debate over resection or intervention for the asymptomatic lesion still carries 
on with verve and vigor, certainly within the UK and Europe if not the USA. Our ori-
ginal meta-analysis showed that about 3% of asymptomatic lesions would develop 
symptoms within infancy and that elective surgery was safer and less prone to 
complications than emergency surgery [8]. Having decided to remove a lung lesion 
then the next question will be how and it is clear that many surgeons have adopted 
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thoracoscopic techniques to do this. In the USA, around 50% of lung resections are 
now minimally invasive (Fig. 3.2.11) [31]. However, as a large multi-institutional study 
recently showed it is still not easy, not quick and the actual benefits in terms of redu-
cing hospital stay have not been proven [32]. 

One of the perceived advantages of early resection is to minimise the risk posed 
from neoplastic change. While the magnitude of this risk is still unknown there have 
been some developments in the understanding of causation. The commonest neo-
plasm, bronchioloalveolar carcinoma (BAC), exists in two forms either mucinous 
(mBAC) or non-mucinous (nmBAC) and the corresponding cells of origin appear to be 
a mucus-producing glandular cell and a type II pneumocyte or Club (formerly Clara) 
cell respectively [32]. The development of BAC in Type 1 CCAM has been associated 
with an underlying K-ras point mutation [33].
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Fig. 3.2.11: Relative utilization of thoracoscopic resection of congenital cystic lung disease when 
compared to open resection increased with time in 1120 children (P < .001) [reproduced with 
permission from reference [4]].

3.3 Airway diseases

3.3.1 Introduction

Surgery of laryngotracheal disorders, particularly in newborns and infants, is extre-
mely rare and extraordinary challenging. And while only a few specialists are known 
in this field, the contribution from Konrad Hoetzenecker and Walter Klepetko is as 
important as the invited comments from Martin Elliot. Performing tracheostomies 
is common practice in all age groups of pediatric medicine. The chapter written by 
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Martin Lacher and Oliver Muensterer cover this issue from indication to technical 
aspects and postoperative management.

Konrad Hoetzenecker, Walter Klepetko
3.3.2 Laryngotracheal reconstruction

Applied surgical anatomy of the pediatric laryngotracheal airway
A detailed anatomical understanding of the pediatric larynx and trachea is pivotal in 
laryngotracheal surgery. Although the basic anatomical structures are identical to the 
adult airway, there are important differences which have a considerable functional 
impact. The position of the larynx and the epiglottis is higher, making a simultaneous 
breathing and suckling possible. As a side effect, swallowing problems are rare in 
children, even after extensive resections and mobilization procedures. 

Children are clinically more susceptible to airway compromise than adults. The 
pediatric airway is only a few millimeters in diameter, therefore stenosis or dynamic 
obstructions can dramatically reduce the airway cross-section [34]. This is especially 
relevant in the glottic region, where the mucosa, due to its lax structure, is more prone 
to edema formation compared to adults.

Blood supply is similar to adults and limited to small anastomoses fed by the 
thyroid arteries and the bronchial arteries. The main blood supply comes from vessels 
running in the trachoesophageal groove. Therefore, only minimal dissection should 
be performed in this area in order to avoid compromise of the perfusion of the anas-
tomosis/reconstruction.

Preoperative evaluation
A precise preoperative evaluation is essential before planning a surgical correction 
of airway problems in children. After documentation of the complete medical history 
and coexisting malformations or comorbidities children should undergo transnasal 
flexible laryngoscopy. Respiration, vocal cord function, swallowing and vocalization 
must be tested and documented. However, transnasal laryngoscopy requires a 
cooperative child and toddlers often refuse the procedure. In addition, an endoscopic 
evaluation under general anesthesia has to be performed in every patient before the 
operation. The extent of the lesion, its height related to the vocal cords, position of 
a pre-existing tracheostomy and the overall length of the airway must be measured. 
Lesions should be classified according to the modified Myer-Cotton grading (Tab. 
3.3.1), which was developed to correlate the type of stenosis and comorbidities with 
patients’ outcome [35]. By variation of the depth of anesthesia, dynamic obstructions 
can be detected. In some cases additional imaging methods (eg. CT scans) can be 
useful. However, for laryngotracheal stenosis their value usually is limited.
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Tab. 3.3.1: Modified Myer-Cotton grade. It combines the grade of airway stenosis, its extension 
towards the glottis and patients’ comorbidities. SGS = subglottis stenosis.

Myer-Cottongrade Isolated  
SGS (a)

Isolated SGS + 
comobidities (b)

Isolated SGS  
+ glottis 
involvement (c)

Isolated SGS + 
glottis involvement + 
comobidities (d)

I 0–50% Ia Ib Ic Id

II 51–70% IIa IIb IIc IId

III 71–99% IIIa IIIb IIIc IIId

IV No lumen IVa IVb IVc IVd

Laryngotracheal stenosis
Laryngotracheal stenosis is the prevailing airway problem in children. The etiology 
of the disease is in most cases preterm delivery and the requirement for intuba-
tion. Larynogotracheal stenosis is a sequela of a poor tube management mainly 
caused by a tube too big in diameter [36]. This results in a combined damage of the 
glottis and the subglottic airway, eventually with an additional ankylosis of the 
arythenoid joints. Currently, few guidelines for neonatal intubation are available, 
but it is generally agreed that the smallest possible tube, which can provide an ade-
quate ventilation, should be used. During intubation the slightest resistance when 
advancing the tube should lead to the use of a smaller tube. Cuffed tubes should 
be avoided when long-time ventilation is required, since localized tracheomalacia 
can develop at the site of the cuff. Most children will at some point of time need a 
tracheostomy. 

There are two different techniques to correct pediatric laryngotracheal stenoses: 
tracheoplasty and extended partial cricotracheal resection.

Tracheoplasty
The technique of tracheoplasty has been developed in the 1970s [37]. The basic consi-
deration behind this correction technique is an enlargement of the narrowed airway 
diameter by an interposition of cartilage grafts. Most of the time the grafts will be 
harvested from the costal arch, however grafts from the upper wing of the thyroid 
or resected tracheal rings can also be used. Tracheoplasty should only be applied in 
mild to moderate laryngotracheal stenosis. The mucosal lining has to be intact and 
there should not be any evidence of ongoing scar proliferations. In the latter, tracheo-
plasty usually owns poor results with a high likelihood of restenosis. Therefore, these 
patients should be corrected using the technique of extended partial cricotracheal 
resection.

Surgical steps: After complete exposure of the laryngotracheal skeleton, a com-
plete anterior laryngeal split is performed. Care should be taken to exactly stay in 
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Fig. 3.3.1: Last surgical steps of a tracheoplasty. After inserting an LT-Mold and closing the anterior 
laryngeal fissure the remaining airway defect is coverd by a boat-shaped cartilage graft.

Fig. 3.3.2: Preoperative endoscopic findings and the postoperative result after tracheoplasty.  
A significant lumen enlargement was achieved. 

the midline in order to avoid any damage to the vocal cords. Then the cricoid plate 
is completely split in the midline. The two halfes of the plate are carefully lifted from 
adjacent fibers to the hypopharyx in order to create a space for the insertion of the 
cartilage graft. A graft is harvested from the rib cage and tailored with two steps late-
rally. This leads to a stable interposition between the split cricoid plate. The size of the 
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cartilage graft must be chosen carefully. A graft, which is dimensioned too small will 
result in an insufficient lumen enlargement. A graft, which is too broad will lead to 
poor functional results with breathy voice and swallowing problems. The dorsal car-
tilage is secured with four 6-0 absorbable sutures. Since the pediatric airway skeleton 
is still elastic an internal splinting is needed in order to stabilize the newly reconstruc-
ted airway. The LT-Mold, developed in Lausanne is the best currently available device. 
It is made of soft silicone and mimics the anatomical shape of the pediatric airway. 
Thus, the formation of granulation tissue is significantly reduced. The LT-Mold is 
positioned intralaryngeally and fixed to the thyroid with two deep stiches through the 
prosthesis. The remaining anterior airway defect, which has been created due to the 
lumen enlargement, is then covered by a second boat-shaped cartilage graft.

Extended partial cricotracheal resection
The technique of extended partial cricotracheal resection combines a posterior carti-
lage graft enlargement with a wide anterior resection. It is more complex, compared 
to the technique of tracheoplasty and should be reserved to complex stenoses with 
extensive scarring. Although good results can be achieved even in very small children 
(<10 kg) [38], usually a minimal weight of 7 kg is recommended for correction to allow 
a precise reconstruction.

Surgical steps: The laryngotracheal airway is exposed and the trachea is divided 
from the cricoid. Care should be taken to avoid injury to the recurrent nerves and 
the vessels running in the tracheoesophageal groove. In the next step the cricoid 
arch is removed and a complete anterior laryngeal split is performed. This leads to 
a wide exposure of the posterior scars. All scar formations on the anterior surface of 
the cricoid plate have to be completely removed in order to avoid restenosis. Next the 
cricoid plate is divided in the midline and a rib cartilage is interposed (similar to the 
tracheoplasty). The height of an existing tracheostomy is important and the further 
surgical steps have to be planned accordingly. A distally placed tracheostomy can be 
kept but the skin insertion has to be relocated at the end of surgery. If the tracheostomy 
was placed high it has to be included in the resection at the time of the operation and 
a second tracheostomy will be placed below the reconstruction. For the thyrotracheal 
anastomsosis the distal trachea is trimmed in a way that a large dorsal mucosal flap 
and a V-shaping of the anterior aspect is created. The dorsal mucosal flap is used 
to fully cover the cartilage graft and the cricoid plate, in that way adapting healthy 
mucosa to healthy mucosa. A running 6-0 suture is used to equally distribute tension 
on the flap and to adjust incongruence. An LT-Mold is placed intralaryngeally and the 
rest of the thyrotracheal anastomosis is performed using single 4-0 or 5-0 PDS stiches.

Subglottic stenosis
Isolated subglottic stenosis without the involvement of the glottic airway is less fre-
quently seen in children compared to the adult population. A stenosis at the height of 
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Fig. 3.3.3: Surgical steps of an extended partial cricotracheal resection. A rib cartilage is grafted 
between the split cricoid plate. It is covered by a mucosal flap. After placing an LT-Mold the 
thyrotracheal anastomosis is completed. (obtain permission – Oxford University Press, Eur J 
Cardiothorac Surg. 2015 Aug 7)

the cricoid plate can either be the result of a longtime intubation or a poorly placed 
tracheostomy. Since the cricoid is the only ring-shaped cartilage, an oversized orotra-
cheal tube can lead to pressure caused necrosis of the mucosa, in that way starting 
a cascade of uncontrolled inflammation and scar formation. In some cases a high 
placed tracheostomy (at the level of the first tracheal cartilage ring) can lead to a 
proximal erosion of the cricoid, especially in kyphotic individuals. This results in the 
development of an anterior subglottic stenosis.

Surgical steps: The repair of isolated subglottic stenosis in children is similar to 
the techniques used in adults. For anterior stenosis a classical Grillo technique can 
be used, resecting the anterior cricoid arch and performing a thyrotrachael end-to-
end anastomosis. Care should be taken to equally adjust incongruency of the airway 
lumen between the upper and lower part of the anastomosis. Sometimes a reduc-
tion plasty of the distal trachea might be necessary to overcome this problem. If 
an extensive cicatrization is present on the cricoid plate a complete mucosectomy 
is necessary. The denudated cricoid plate subsequently has to be covered with a 
mucosal flap of the distal trachea. In some cases a partial anterior split with an 
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interposition of the anteriorly V-shaped distal trachea might be necessary in order to 
obtain a sufficient lumen enlargement. These extended subglottic reconstructions 
are often associated with a swelling of the vocal cords, since resection margins come 
close to the vocal folds. If a glottis swelling occurs a small tracheostomy has to be 
placed below the anastomosis in order to secure the airway. In most cases the tra-
cheostomy can be abandoned within the first postoperative days when the swelling 
has resolved.

Tracheal stenosis/malacia
Stenosis and malacia restricted to the trachea should be grouped into short-segment 
and long-segment lesions according to available techniques of repair.

Short-segment lesions: 
In contrast to larynogtracheal stenosis, which can be typically found in very small 
children, pure short-segment tracheal stenosis are more frequent in older children. 
The main etiology is (comparable to adults) an improper cuff-management during 
intubation or airway damage caused by the cuff or the tip of a tracheostomy canula. 
Most of the time the damage is located in the cervical trachea and involves only a 
short segment. Thus, correction is relatively simple with a resection of the affected 
segment and an end-to-end anastomosis. When the stenosis is located in the intratho-
racic part of the airway the surgical approach to the trachea is either through a right 
posterolateral thoracotomy or a median sternotomy.

Short-segment tracheomalacia is nearly always associated with vascular abnor-
malities (vascular rings). A combined treatment of the vascular malformation 
together with the airway damage is necessary. However, it is still controversial how 
to approach the tracheomalacia [39]. An aortopexy can offer good results in patients 
with low-grade malacia. In more severe malacia a resection of the diseased tracheal 
segment has to be performed. The placement of airway stents should be avoided since 
stents will lead to the formation of granulation, airway inflammation and subsequent 
multilevel stenosis, which are very hard to repair. 

Long-segment lesions: 
Long-segment tracheal stenosis are congenital disorders and generally associa-
ted with complete tracheal rings. Since the stenosis often affects more than 50% of 
the tracheal length, a resection and end-to-end anastomosis is not possible. Slide- 
tracheoplasty is the established technique which uses the stenotic part for reconst-
ruction and offers excellent long-term success [40]. The stenotic trachea is horizon-
tally transected in its mid, the upper part is longitudinally incised posteriorly and the 
lower part anteriorly. Both segments are then slid together. In this way the length of 
the trachea is diminished by 50% but the cross-sectional area is increased four-fold. 
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This technique has also been used to correct congenital stenosis extending to the 
bronchial system [41].

Postoperative follow-up and outcome
Postoperative care is a key factor for success in pediatric airway surgery. Adequate 
resection/reconstruction is only one step in the treatment of these complex patients. 
After pediatric laryngotracheal surgery an LT-Mold is needed in most children in order 
to support the airway reconstruction. The LT-Mold prosthesis is kept in situ for 6 to 8 
weeks depending on the complexity of the reconstruction. The mold can be removed 
microlaryngoscopically and, subsequently, children can be weaned from the tracheo-
stomy. Swallowing rehabilitation only plays a minor role since postoperative aspira-
tion is hardly seen, even in cases of extensive reconstruction. Interestingly, the recon-
structed airway does not lose its capacity to grow. This has been repeatedly shown by 
different groups [42, 43].

Outcomes after laryngotracheal surgery are excellent in highly experienced 
centers. Successful decanulation after partial extended cricotracheal resection can be 
achieved in more than 90% of all patients [44]. The reason for unsuccessful weaning 
from the canula are in most cases severe coexisting neurological comorbidities. After 
laryngotracheal reconstruction overall cannulation rates range from 80% to 100% 
in low-grade (Myer-Cotton II) stenosis [45]. Results of LTR for high grade stenosis are 
poorer with only 50% to 80% percent decanulation rates. Accordingly, Myer-Cotton 
IV stenosis should be repaired by extended partial cricotracheal resections, as men-
tioned above. Overall survival after correction of long-segment congenital stenosis, 
by a slide tracheoplasty is reported to be as high as 88% in the largest reported series 
summarizing a 17-year experience of a high volume center [41]. 

Conclusion
The management of pediatric airway problems is complex and requires a dedicated 
team. Outstanding expertise of thoracic surgeons, phoniatricians, logopedics and 
pediatricians is necessary in order to achieve good long-term results. A centralization 
of these highly demanding patients should be considered in order to offer patients 
and their parents optimal treatment.

Martin Lacher, Oliver Muensterer
3.3.3 Tracheostomy

Abstract: Tracheostomy is usually performed because of significant upper airway 
compromise, a need for better tracheobronchial toilet, for prolonged positive  
pressure, or ventilatory support. The major indications include airway obstruction, 
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long-term respiratory support and facilitation of secretion clearance. Tracheostomy 
is associated with a significant impact on the psychosocial development of the child. 
Therefore any alternative treatment option prior to proceeding with tracheostomy 
should be evaluated. In contrast to adults, tracheostomy is carried out in an open 
fashion. Percutaneous dilatational tracheostomy is not as suitable for children 
because the airway is small and often unstable. Complications during the procedure 
include damage to surrounding structures, hemorrhage, or pneumothorax/pneumo-
mediastinum. The most common long-term complications are partial obstruction 
of the cannula and accidental decannulation. Therefore extensive education of the 
caregivers along with preparation of a safe home environment is essential for a suc-
cessful transition to home care. When the initial indication for a tracheostomy no 
longer exists the child can be decannulated. This process includes confirmation of 
airway patency, weaning/capping and closure of the tracheocutaneous fistula. The 
latter usually happens spontaneously, surgical closure is necessary in only <10% of 
cases. If congenital high airway obstruction is diagnosed prenatally, tracheostomy 
during ex utero intrapartum therapy (EXIT) is a special indication. Rarely, a pedi-
atric surgeon may be required to emergently obtain an airway at the bedside via 
incisional or needle cricothyroidotomy in an infant who is too unstable for transport 
to the operating room. Despite the morbidity of the procedure tracheostomy nowa-
days is a routine surgical procedure which can be performed safely in experienced 
institutions.

Introduction
The trachea is a conduit between the upper airway and the tracheobronchial tree, 
which delivers moist warm air to the lungs, and expels carbon dioxide and sputum 
into the surrounding atmosphere. The intention of a tracheostomy is to provide a child 
with a secure, functional access for gas exchange. It is usually performed because of 
significant upper airway compromise, a need for better tracheobronchial toilet, for 
prolonged positive pressure or ventilatory support. A tracheostomy may be a tem-
porary or long-term, in some cases life-long intervention.

Technically speaking, the term tracheostomy refers to the surgical creation of a 
percutaneous opening into the trachea, whereas the term tracheotomy describes an 
incision of the trachea. However, many practitioners use these terms interchangeably.

This chapter discusses the indications for and technical considerations of tra-
cheostomy in children.

Indications for tracheostomy
The three major indications for long-term tracheostomy in children are:

–– Airway obstruction
–– Congenital anomalies (e.g. subglottic stenosis, laryngeal web)
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–– Trauma (e.g. birth trauma, child abuse, accidents)
–– Tumors (e.g. hemangiomas, lymphatic malformations, papillomatosis, cervical 

teratoma)
–– Functional obstruction (e.g. vocal cord palsy)
–– Laryngomalacia/Tracheomalacia
–– External compression of the trachea
–– Infectious or allergic processes leading to swelling (e.g. epiglottitis, diphtheria)
–– Long-term respiratory support
–– Pulmonary pathology (e.g. bronchopulmonary dysplasia)
–– Hypoventilation syndromes (e.g. Ondine’s curse, central hypoventilation)
–– Facilitation of secretion clearance (pulmonary toilet)
–– Neurologic injury or disease (e.g. cerebral palsy, spinal muscular atrophy)
–– Chronic aspiration

Over the recent years, the incidence of and the indications for pediatric tracheos-
tomy has changed. Several decades ago, tracheostomy was performed primarily as a 
life-saving intervention to secure an airway in children with life-threatening airway 
obstruction due to infectious disorders [46]. Since then, vaccination programs and 
anesthetic skills have dramatically reduced the number of emergency tracheosto-
mies performed for acute upper airway obstruction. Today, the indication for tra-
cheostomy is generally ruled by the anticipation of long-term (cardio-) respiratory 
compromise due to persistent ventilatory insufficiency, or by the presence of a fixed 
obstruction of the upper airway that is unlikely to resolve in the near future [47]. A 
recently published study revealed that among ventilated children in Canada, the pre-
valence of tracheostomy was less than 1.5% [48]. Compared to the current practice 
in adults, tracheostomy in children is generally less frequently indicated, usually 
placed late in the course of a chronic illness, and performed surgically rather than 
percutaneously [49].

Preoperative work-up and planning
The majority of children undergo the procedure as very young infants. Apart from its 
morbidity, tracheostomy is associated with a significant impact on the psychosocial 
development of the child. Therefore any alternative treatment option prior to procee-
ding with tracheostomy should be evaluated.

If the skin of the patient’s neck is infected by bacteria or fungi, this should 
be treated before any operation is performed unless emergency tracheostomy is 
indicated. Children who are planned to undergo congenital heart surgery, and in 
whom tracheostomy placement is anticipated in the future, may be best managed 
by completing the cardiac surgery before tracheostomy is performed. Otherwise, 
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the risk of cardiac infection may be increased as the sternal incision is close to 
the tracheostomy site. Tracheostomy following cardiac surgery, however, does not 
seem to be a risk factor for mediastinitis by itself [50]. Most of the children who 
are scheduled for tracheostomy already have an endotracheal tube in place. For 
certain indications (e.g. immature airway) the severity of laryngotracheomala-
cia with dynamic airway collapse may be assessed by direct laryngoscopy and/
or bronchoscopy via facemask. It is important to note that direct laryngoscopy 
requires removal of the endotracheal tube, which should only be performed under 
controlled conditions and with the potential of surgical intervention if the airway 
is lost during the maneuver.

Pediatric tracheostomy is usually performed electively with secure airways 
(e.g. for prolonged intubation). Therefore it is reasonable to check the hematocrit, 
platelet count and coagulation factors preoperatively so that adequate correction 
can be made. In case of an emergency, the decision to perform an emergent tra-
cheostomy is not affected by any lab values.

The selection of the appropriate tube type and size is one of the key elements of 
preoperative planning and depends on the dimension of the child’s airway and the 
clinical indication [51]. Most pediatric tracheostomy tubes are cuffless, however, 
in large children and adolescents cuffed tracheostomy tubes are sometimes used 
either. Low-pressure cuffs should be the preferred devices used in children.

A suitable tube should be small enough to allow the child to phonate by being 
able to force air around the tube, yet big enough to prevent a significant insufflation 
leak which may cause hypoventilation [52, 53]. However, if the tube is too large or 
a cuffed tracheostomy is overinflated for a prolonged period of time, it may injure 
the tracheal mucosa by chronic focal pressure, leading to vascular compromise, 
ulceration and ultimately, fibrous stenosis. The correct diameter can be estimated 
on the basis of the patient’s endotracheal tube size, which corresponds to its inner 
diameter. 

The length of the tracheostomy cannula is another important variable, especially 
in neonates and infants to allow adequate air entry, easy suctioning and clearance of 
secretions. If the tube is too short, it may lead to accidental decannulation or forma-
tion of a false tract. A tube that is too long may erode the carina or ventilate a single 
main bronchus only, most likely the right. This may lead to left mainstem bronchial 
occlusion and atelectasis. As selecting the correct length is important, tracheostomy 
tubes are usually available in two lengths, short or long. 

The following pediatric tracheostomy tube sizes, determined on the basis of 
patient age and weight, were recommended by Wetmore [54]:

–– Premature neonates or babies who weigh less than 1000 g–2.5 mm
–– Babies who weigh 1000–2500 g–3 mm
–– Neonates aged 0–6 months – 3–3.5 mm
–– Infants aged 6 months to 1 year – 3.5–4 mm
–– Infants aged 1–2 years – 4–5 mm 
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–– For children older than 2 years the following formula for size estimation has been 
proposed by the American Heart Association [55]: 

–– Cuffed tubes: (age [years] + 16)/4
–– Uncuffed tubes: (age [years] + 12)/4 

As the child grows, a progressively larger tracheostomy tube is required. Early signs 
of the need for a bigger tube are nocturnal dips in oxygen saturation or low-pressure 
ventilator alarms. To prevent this, the tube size should be increased as a planned 
procedure at least every two years [56].

Technique
The majorities of tracheostomies are elective procedures and therefore conducted 
under general anesthesia. Most children will have already been endotracheally intu-
bated and may require more prolonged and/or more effective form of secure airway. 
Tracheostomies should be performed using the conventional dissection technique. In 
contrast to adults, percutaneous dilatational tracheostomy is not as suitable for child-
ren because the airway is small and often unstable: The trachea is soft, compressible, 
and very mobile. Anatomic landmarks can be difficult to palpate and a displaced tube 
may not be easily replaced.

Although several techniques of performing a tracheostomy exist, they follow a 
basic guideline: The trachea’s outer wall is exposed. An incision is made through two 
of the tracheal cartilaginous rings and a tracheostomy tube inserted into the windpipe.

Regardless of the surgical technique used, the anesthetist should decrease the 
amount of inspired oxygen in the patient gas mix to the lowest fraction possible to 
prevent a surgical fire in the operating field [57].

Position of patient
Once the patient is anesthetized, the infant is positioned supine, sufficiently toward 
the foot of the operating table so that the surgeon can easily access the infant’s neck 
and the anesthetist can reach and manipulate the endotracheal tube when neces-
sary. A roll should be placed under the shoulders to extend the neck (Fig. 3.3.4). The 

Fig. 3.3.4: Position of an infant for tracheostomy 
placement. The shoulders are elevated on a 
roll; the head is hyperextended on the neck and 
supported by a doughnut-form support.
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occiput is stabilized by a head ring and the table is tilted into a minimal head-up 
position. After proper positioning, the entire neck from the lower lip to below the 
nipples is prepped and draped. Care must be taken that the superior most surgical 
drape allows easy access to the patient by the anesthetist. Any tape of the endotra-
cheal tube should be loosened beforehand so that the anesthetist can easily remove 
the tube at the appropriate time. Care must be taken not to dislodge the endotracheal 
tube prematurely.

Incision and dissection to expose the trachea
Once prepped and draped, the surgeon should carefully palpate and mark the anato-
mic landmarks for the incision. These include the infant’s hyoid bone, thyroid notch 
and cricoid cartilage. The cricoid is often difficult to palpate, especially in neonates. 
It may be helpful to ask the anesthetist to jiggle the endotracheal tube from above to 
assist with the location of the trachea.

Once the landmarks are identified, an adequate horizontal skin incision is made 
midway between the cricoid and the suprasternal notch and deepened through fat 
and platysma (Fig. 3.3.5). The skin incision should be large enough to accommo-
date the endotracheal tube and allow safe dissection of the trachea. Alternatively, 
the incision may be made in the lower neck crease, about the width of one finger 

Fig. 3.3.6: The precervical fascia is opened, and 
the strap muscles are divided longitudinally.

Fig. 3.3.5: An adequate skin incision is 
made midway between the cricoid and the 
suprasternal notch and deepened through fat 
and platysma, large enough to facilitate easy 
exposure of the trachea and accommodate the 
tracheostomy tube with a small gap.
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above the jugular notch. However, it should not be too low to avoid dissecting in 
the mediastinum.

Next, the anterior cervical fascia is opened vertically in the midline. The incision 
is then deepened until the deep cervical fascia overlying the sternohyoid and sterno-
thyroid strap muscle is encountered. Branches of the anterior jugular vein are caute-
rized and divided with the bipolar diathermy. Once the strap muscles are separated 
by blunt dissection (Fig. 3.3.6), two retractors are placed deep to the muscle edges and 
gently retract laterally to better expose the trachea below (Fig. 3.3.7).

Rarely, the isthmus of the thyroid gland, which has a variable size and relation-
ship to the trachea, must be divided for proper tracheostomy positioning. If this is 
necessary, the use of bipolar diathermy is sufficient in small children. In adolescents 
with a bulky isthmus, the division over suture ligations is preferable.

Opening the trachea and insertion of the cannula
Before making the incision in the trachea, the correctly sized tracheostomy cannula 
should be opened and available on the operating table. Its outer diameter is visually 
compared to the exposed trachea and the appropriate size is reconfirmed.

To limit bleeding after accessing the lumen of the trachea, the delicate pre- 
tracheal fascia can be lightly scored with electrocautery to coagulate any tiny vessels 
on the surface of the trachea in the midline. 

Fig. 3.3.7: Two retractors are placed deep to the muscle edges of the strap muscles and gently 
retract laterally to better expose the trachea below (trachea visible in the center of white circle).
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Before opening the trachea, two polypropylene stay sutures are placed on either side 
of the trachea, each one incorporating one or two tracheal rings (Fig. 3.3.8). During 
the operation, these sutures help to distract the tracheal incision for ease of place-
ment of the tracheostomy cannula and also secure the airway in case of bleeding, 
dislodgement, or loss of retraction. 

The anesthetist prepares the endotracheal tube for removal. Suction should be 
available to prevent blood or secretions interfere with the surgeon’s view or enter 
the trachea. Using a No. 11 scalpel blade, a vertical incision is made in the trachea 
through the third, fourth and fifth tracheal rings along the score mark (Fig. 3.3.9) pre-
serving the first tracheal ring. In neonates and infants, where distances are small, it is 
preferable to leave the second ring intact as well.

The surgeon asks the anesthetist to withdraw the endotracheal tube gently to 
clear the tracheotomy incision. A tracheostomy cannula, which should be lubrica-
ted with a water-soluble surgical lubricant, is then inserted into the tracheal opening 
perpendicularly to the tracheostomy and subsequently directed and rotated caudally 
toward the carina. A sterile anesthetic connector is fitted to the adapter and its end 
passed out of the surgical field to the anesthetist (Fig. 3.3.10).

Once that is achieved, the anesthetist should administer several deep breaths 
to the patient to prove that the infant can be ventilated adequately through the 
new airway, indicating that the cannula is in proper place. Equal chest rise 
should be observed during this maneuver. In case of unilateral right-sided  

FPO

Fig. 3.3.8: Traction sutures of fine polypropylene are placed around the third tracheal ring to 
stabilize the trachea before incision (arrows). 
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chest rise, the tracheostomy tube may be too long and should be exchanged for 
a shorter one.

Particularly in neonates, even a cannula of the correct diameter may ultimately 
be too long with its tip resting on the carina. In such cases, several pieces of gauze 
may be used to bolster the gap between the skin level and the tracheostomy collar, 
thus pulling the tip of the cannula away from the carina.

While the assistant holds the tracheostomy tube in place, the skin edges may be 
secured with sutures on each side of the tube (Fig. 3.3.11). Special care has to be taken to 
leave a gap of the skin around the tube to avoid postoperative surgical emphysema by 
allowing air to escape. Finally, the lateral wings of the cannula body need to be secured 
to the patient. The roll underneath the patients’ shoulders is then removed and an 
umbilical or hook-and-loop tape placed around the neck. This tape is passed through 
the holes in the end of the wings and then tied tightly with the neck in flexed position, 
which may prevent tube dislodgement.

The two Polypropylene stay sutures that were placed in the anterior tracheal wall 
are now tied at their ends, left 6–8 cm in length, and taped securely to the anterior 

Fig. 3.3.9: The trachea is opened through a midline vertical incision across two to three tracheal 
rings (dotted line). The incision must be long enough to avoid excess tube pressure against the 
cartilages. A tight tube can result in pressure deformity and reabsorption of cartilage.
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chest wall. In this location they can be easily found and pulled apart to identify the 
tracheal incision if needed in an emergency to reinsertion of the cannula (Fig. 3.3.12).

All infants with a fresh tracheostomy should be transferred to the intensive care 
unit (ICU) for close observation.

Early postoperative care 
Most surgeons order a chest X-ray in the recovery room or ICU to verify that the tip 
of the cannula is sufficiently clear of the carina (Fig. 3.3.13). However, the utility of 

Fig. 3.3.10: Tube insertion into the trachea is accomplished by having the anesthetist pull back the 
endotracheal tube to the cephalad margin of the new stoma, inserting a tracheal suction catheter 
downwards into the trachea through the newly established opening, and then advancing the 
tracheostomy tube over the catheter into the trachea caudally (direction of the black interrupted 
arrow). This method is safer than using the tube obturator, the short tip of which sometimes slips 
out of the stoma and allows the tracheostomy tube to pass anterior to the trachea and into the 
mediastinum through a false tract.

Video showing a tracheostomy surgery (Quelle: „Anna Junge, http://medjunge.de/“).
https://www.degruyter.com/view/supplement/9783110419825_Tracheostomy.mp4 
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Fig. 3.3.11: The wings of the tracheostomy tube are bilaterally sutured to the lateral cervical skin to 
prevent acute dislodgement of the fresh tracheostomy using 2-0 silk sutures (circle). These sutures 
will be cut at the time of the first cannula change.

Fig. 3.3.12: The two Polypropylene stay sutures that were placed laterally at the site of tracheotomy 
are tied in loose loops and taped securely to the anterior chest wall (white arrows). The sutures are 
left in place until the first tracheostomy change as a precaution against accidental postoperative 
decannulation. In this location, they can be easily found and pulled apart to identify the tracheal 
incision in case they are needed in an emergency reinsertion of the cannula.

routine postoperative chest radiography in pediatric tracheostomy has recently been 
questioned. Some authors suggest to reserve a postoperative chest radiography for 
cases with suspicion of a complication on the basis of intraoperative findings or  
clinical parameters [58].
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A spare tracheostomy cannula of the same model and size as the one placed primarily 
in the patient must be available at the bedside at all times. The tracheostomy tube 
should be kept clear of secretions by frequent intermittent suctioning, particularly in 
the immediate postoperative period. Moreover, adequate humidification of the inspi-
red gas should be provided. 

During the first postoperative week, the site of the tracheostomy has to be cleaned 
at least once a day. The fresh cannula should be left in place for at least 10 days. 
Thereafter, with appropriate tract formation, the tracheostomy tube can be changed 
safely for the first time. The sutures to the edges of the tracheal incision should be 
left in place until the first tracheostomy change. All tracheostomy exchanges are an 
opportunity to instruct the parents or caregivers on the procedure. Ideally, the parents 
will be able to change the tracheostomy with confidence and competence at the time 
of discharge. Once it is evident that the tracheostomy tube can be replaced with ease 
it is safe to remove the sutures at the edges of tracheal incision.

Home instruction and care
Extensive education of the parents or caregivers along with preparation of a safe home 
environment is essential for a smooth and successful transition to home care. Prior to 
the child’s discharge, all caregivers must undergo a structured and detailed training 
program to become competent in long-term tracheostomy management. This training 
includes the acquisition of skills in tube exchange, suctioning, cleaning, dressing, 
fixation, as well as humidification of inspired air, and application of medications. 
Parents and all caregivers have to become familiar with equipment for continuous 
or intermittent positive pressure ventilation as well as using a bag valve mask device 

Fig. 3.3.13: A postoperative plain chest radiograph is ordered either on the operating table or in the 
recovery room to verify good placement of the tracheostomy. Ideally, the tip of the cannula should 
be located in the mid-trachea, half way between the insertion site and the carina (white arrow).
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for manual ventilation in conjunction with suctioning. Last but not least, the family 
or caretakers must be instructed and certified in emergency management and cardio-
pulmonary resuscitation [53]. They must know how to troubleshoot the entire system 
in case of problems, including the technical devices, and the cannula attachments 
[59, 60].

The first cannula change should be should be performed on the surgical ward and 
take advantage of the opportunity to further instruct and reassure the parents. Until 
the family becomes familiar and comfortable with the management of the cannula 
and new devices, home nursing visits should be arranged. The presence of a nurse at 
home is absolutely mandatory for the first scheduled tracheostomy change outside of 
the hospital after discharge. 

Complications 
Different series have reported complication rates ranging from 30%–86% [61–63].  
The incidence of complications is related to the initial indication for the tracheostomy 
[64]. Moreover, higher complication rates occur in pre-term infants and are associated 
with gestational age, low birth weight and medical condition of the child.

During procedure
–– Damage to surrounding structures, e.g. esophagus, recurrent laryngeal nerve, 

brachiocephalic vein
–– Hemorrhage
–– Pneumothorax/Pneumomediastinum 

Accidental injuries to the surrounding structures should be rare if the surgeon is 
familiar with the anatomy of the infant’s neck. Correspondingly, damage to the vagus 
nerves, the recurrent laryngeal nerves, the esophagus or brachiocephalic vessels has 
not been described in recent pediatric series [61–63].

Hemorrhage may occur at the time of surgery and is generally controlled easily 
with electrocautery or vessel ligation. Rarely, especially in neonates, the thyroid 
gland is located near the incision site on the anterior trachea and is inadvertently 
divided or lacerated. In such cases, bleeding can usually be controlled with sutures 
or electrocautery.

Under rare circumstances, a false passage may be created during the introduction 
of the tube, and subsequent positive pressure ventilation will result in a pneumotho-
rax or pneumomediastinum [58, 63].

Immediate post-op
–– Surgical emphysema
–– Bleeding if case of innominate or inferior thyroid artery laceration
–– Obstruction (e.g. clot, mucus)
–– Dislodgement
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Surgical emphysema
Among the most prominent early complications are air-tracking issues, such as 
pneumothorax, pneumomediastinum and subcutaneous emphysema. However, in a 
recent study on 421 pediatric tracheostomies, these complications occurred in only 
0.7% of all cases [58]. In this series no significant relationships were found between 
the incidence of air-tracking complication and surgical specialty, patient age or cir-
cumstances of the procedure (elective, urgent/emergent) [58].

Bleeding
Compared to intraoperative bleeding, late hemorrhage is often more problematic and 
can be more serious. The first step of management is to assess whether the hemor-
rhage is coming from the tracheal lumen or from the lateral tissues at the site of the 
incision. This is accomplished by suctioning the cannula and inspecting the wound 
carefully. If the source of bleeding is a small skin vessel, it usually can be controlled 
with simple suture ligation or sometimes even with infiltration of 1% Lidocaine con-
taining 1:100 000 epinephrine. 

A rare type of hemorrhage during the early postoperative course is profuse blee-
ding from one of the great vessels, such as the innominate vein or artery. This can 
occur from erosion of the vessels when a deep and tight-fitting tracheostomy tube com-
presses the vessels against the manubrium or clavicle. After surgical tracheostomy, the 
frequency of this severe complication is reported to be 0.1%–1% with a peak incidence 
at 7–14 days post procedure. It is usually fatal unless immediate treatment is instituted 
[65, 66].

Obstruction, e.g. clot, mucus 
The cannula can be blocked by mucus, blood clots, or pressure of the airway walls. 
Blockage can be prevented by frequent suctioning, air humidification and selecting 
an appropriately sized tracheostomy tube.

Dislodgement
At all times, and especially in the immediate postoperative period, the cannula can 
become dislodged. As described earlier, there are different techniques for securing the 
cannula in place in order to avoid this complication. Even so, despite all best efforts, 
the neck tie may pull loose, and sutures may tear, allowing the cannula to dislodge. 
If dislodgement occurs, it must be noticed immediately. Therefore, it is recommended 
to transfer all infants to the intensive care unit after the procedure for close observa-
tion. Replacing the cannula in this situation should be performed by someone fami-
liar with cannula insertion. Ideally, a surgeon is available to replace the cannula and 
resecure the device. As explained earlier in the chapter, the stay sutures on either side 
of the trachea should be taped to facilitateaccess and retraction in order to expose the 
tracheal lumen. Usually it is not necessary to use instruments to insert the cannula. 
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However, if no proper exposure can be achieved, two small right-angled retractors are 
sufficient to complete the job.

Late post-op & homecare
–– Obstruction and dislodgement of tube
–– Granulation tissue
–– Infection/wound breakdown
–– Erosion of the tracheostomy tube
–– Fibrosis, scarring, stenosis of the trachea

The most common complications of home care include partial obstruction of the 
cannula and accidental decannulation. Therefore, the importance of proper educa-
tion and training of parents and caretakers in tracheostomy management, particu-
larly in suctioning, cleaning and changing the cannula, can’t be emphasized enough 
[67–69].

In the long term, persistent granulation tissue may develop at the tracheos-
tomy site as a result of chronic irritation of the tip of the tracheostomy tube against 
the tracheal wall or from the repeated suctioning of the trachea. The incidence is 
reported around 10%. Granulation tissue can be exophytic at the level of the skin, 
or intraluminal. Exophytic granulation tissue at the skin should be cauterized with 
silver nitrate. This can be initiated during outpatient visits and carried out by the 
caretakers every month if needed. In case of granulation tissue located within the 
trachea at the stoma site, it can be left alone in most of the cases until decannulation. 
In contrast, the formation of granulation tissue at the tip of the cannula can create 
a ‘ball-valve’ effect with air trapping leading to obstructive symptoms or bleeding. 
This can be confirmed by introducing a flexible bronchoscope through the cannula 
to visualize the tracheal lumen beyond the tip of the tube. Many authors suggest to 
remove intraluminal granulation tissue with laser treatments, which are applied via 
flexible fiber [70].

Infection is an unusual complication and should be treated with the appropriate 
antimicrobials according to culture results. A superficial wound dehiscence is usually 
treated conservatively.

The presence of a tracheostomy increases mortality as well as morbidity. In a 
retrospective observational cohort analysis of 228 children enrolled in a university- 
affiliated home mechanical ventilation program Edwards et al. reported that 
tracheostomy-related deaths were responsible for 19% of all deaths in this patient 
population. Complications included obstruction of the tube, bleeding from tra-
cheal granulomas and misplacement of the tracheostomy tube into a false track [71]. 
However, other studies report on death-rates directly attributable to tracheostomy 
complications of only 0.7% [61]. Downes and Pilmer compared the incidence of life-
threatening tracheostomy-related accidents in children during home ventilation to 
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those cared for in the hospital in the early 1980s [72]. In this study, the frequency was 
found to be eight times greater among those cared for at home (2.3/10,000 patient 
days) versus the pediatric ICU (0.3/10,000 patient days).

Special considerations
Ex uterointrapartumtherapy (EXIT)
When congenital high airway obstruction is diagnosed prenatally, management may 
include tracheostomy during ex utero intrapartum therapy (EXIT). In such cases, the 
baby is delivered via controlled C-section with the placental circulation and the umbili-
cal cord intact while an airway is secured. If this cannot be achieved by transpharyngeal 
endotracheal intubation, tracheostomy must be considered as a life-saving procedure.

EXIT procedures have been initially described as an approach to secure the 
newborn’s airway after prenatal tracheal occlusion for treatment of lung hypoplasia 
in the setting of congenital diaphragmatic hernia [73]. Within the last two decades,the 
indications for an EXIT procedure have been expanded to secure the fetal airway 
before complete delivery whenever severe compromise of the neonatal airway is anti-
cipated (e.g. extrinsic or intrinsic obstructive malformations of the lung, large neck 
masses and intrathoracic lesions) [74]. Outcomes for fetuses with those lesions have 
dramatically improved due to the introduction and the advancement of this tech-
nique [75]. Using EXIT it is possible to secure the fetal airway and even safely perform 
surgery on the fetus while uteroplacental blood flow is preserved [74].

In most centers, EXIT is not a routinely performed surgical procedure. An experi-
enced interdisciplinary team (anesthesiology, gynecology, neonatology and pediatric 
surgery), extensive, meticulous planning and close intra-operative monitoring (fetal 
pulse oximetry, echocardiography, i.v. access) is required [72].

Tracheostomy during EXIT-to-airway is frequently needed when conventional 
transpharyngealendotracheal intubation failed, especially in patients with fetal 
neck masses or other causes of fetal airway obstruction such as tracheal atresia or 
other congenital high airway obstruction [75]. In particular, prenatal diagnosis of an 
underdeveloped chin, micrognathia and possibly polyhydramnios as present in pati-
ents with Pierre-Robins-Sequence (triad of micrognathia, glossoptosis and U-shaped 
palatal cleft) [76] should be a red flag for the team that is preparing an EXIT procedure 
and possibly, tracheostomy (Figs. 3.3.14 and 3.3.15). The tracheostomy itself is perfor-
med in the previously described technique. 

Emergency needle cricothyroidotomy
Rarely, a pediatric surgeon may be required to emergently obtain an airway in an 
infant who is too unstable for transport to the operating room, and in whom the 
airway is acutely compromised in a way that precludes securing it noninvasively. In 
this situation, a bedside needle cricothyroidotomy may at least temporarily allow for 
adequate gas exchange until a more definitive airway can be obtained [77].
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Fig. 3.3.14: Prenatal ultrasound of a fetus, 
gestational age: 30+5 weeks, with micrognathia 
(photo: courtesy of Hasbargen U, MD, PhD. 
Department of Gynecology and Obstetrics, 
Ludwig-Maximilians-University, Munich, 
Germany).

Fig. 3.3.15: Intraoperative impression of a tracheotomy procedure during EXIT. The fetus  
remains partly in utero and connected to the uteroplacental blood flow until the airway is secure. 
(photo: courtesy of Hasbargen U, MD, PhD. Department of Gynecology and Obstetrics,  
Ludwig-Maximilians-University, Munich, Germany).

Needle cricothyroidotomy is technically easier and quicker to perform on children 
than surgical, incisional cricothyroidotomy. It is indicated as a life-saving rescue pro-
cedure when an airway cannot be obtained and maintained by conventional means 
(bag-mask, endotracheal intubation, laryngeal mask, etc.).
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The equipment required includes a 16 or 18 g intravenous over-the needle cathe-
ter, a 5-ml syringe, the adapter hub of a 3.0-mm endotracheal tube, an oxygen tube 
that can connect the source (wall outlet or oxygen tank), and a bag-valve device that 
will attach to a standard endotracheal tube.

The patient is positioned supine on a shoulder roll and the neck is extended. 
Sedation or local anesthesia is given as indicated. The anterior neck is prepped and 
draped in a sterile fashion. Right-hand dominant surgeons should stand on the patient’s 
left. In this case, the left hand palpates the cricothyroid membrane with the index 
fingertip and stabilizes the trachea in the midline between the thumb and middle finger. 
The dominant right hand is used to insert the over-the-needle catheter with a connected 
5-ml syringe through the cricothyroid membrane percutaneously, and advance it at a 45° 
angle inferiorly. The plunger of the syringe is slighly withdrawn to create a vacuum while 
the catheter needle is advanced. Once the needle enters the trachea, the practitioner 
will notice air entry into the syringe (filling the syringe with a few ml of saline before the 
maneuver can help by demonstrating bubbles upon entry). Once intratracheal position 
is verified, the catheter is advanced over the needle into the trachea, and the needle is 
withdrawn. The catheter is hubbed down to the skin, correct placement is confirmed by 
again aspirating air through the catheter, and it is secured in place using tape.

Subsequently, the 3.0-mm endotracheal tube adapter hub is connected to the 
intravenous catheter (this particular size hub will fit into the Luer-lock connector of 
the catheter). The oxygen tubing is connected via a bag-valve device [78]. A continuous 
flow of 8–15 l/min of 100% oxygen is titrated to achieve adequate oxygenation without 
pulmonary overdistension. In principle, the needle cricothyroidotomy provides influx 
of oxygen into the lungs, while efflux relies on passive flow through the patient’s 
incompletely obstructed natural airways. If the patient’s chest becomes hyperinflated, 
the inflow should be cycled to allow at least partial expiration through the catheter. 
Alternatively, a jet ventilator may be connected for jet ventilation if personnel with 
appropriate experience are available. Complications of needle cricothyroidotomy 
include bleeding, infection, aspiration, mechanical obstruction of the catheter, 
barotrauma including pneumothorax and damage to the surrounding structures.

Decannulation
When the initial indication for a tracheostomy no longer exists decannulation should 
be considered. Although this procedure is usually anticipated well in advance, certain 
criteria have to be met prior to removal of the tracheostomy tube: 

–– The original upper-airway obstruction is resolved 
–– Airway secretions are controlled 
–– Mechanical ventilation is no longer needed.

The timing for decannulation depends mostly on the indication for the tracheostomy 
in the first place. Children with subglottic stenosis may have their tube removed at 
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the time of their laryngoplasty, which may be any time between 4–6 months and 2 
years postoperatively, sometimes even later. If the reason for tracheostomy was severe 
tracheomalacia, it would be unusual to attempt decannulation within the first year 
of age. Instead, the infant should undergo repetitive bronchoscopic examination to 
assess whether malacia is still present and free of any potential obstructing lesions 
such as granulation tissue. For this purpose, the patient should not be paralyzed and 
the anesthesia should be light. 

At some point the airway will be mature enough and the airway remains patent, 
so decannulation can be attempted.

Practical steps of the procedure
There is no single best way of tracheal decannulation. In each child, the approach 
should be tailored to the individual’s condition [79].

Based on practice rather than evidence, the process of decannulation consists of 
the following four steps: 

–– Confirmation of airway patency
–– Weaning and capping
–– Removal of tracheostomy tube
–– Closure of the tracheocutaneous fistula (spontaneous or surgically).

Weaning 
There are various methods for this process. The most common one includes the usage 
of a Passy-Muir Speaking Valve (PMV). The PMV requires the child to exhale through 
the nose/mouth while still allowing inhalation via the tracheostomy tube. By doing 
this, the child breathes only partially through the tracheostomy which helps the trea-
ting surgeon/pulmonologist determine whether the patient is ready to be decannula-
ted. Another technique of weaning from a tracheostomy tube is down-sizing; which 
means that the current tracheostomy tube size is exchanged for a smaller size. Con-
sequently, the resistance to breathing through the tracheostomy increases, usually 
requiring more respiration activity through the nose and mouth.Both techniques may 
be conducted in combination during the weaning process.

Capping
Capping is another important step in the decannulation process. A “cap” is placed 
over the external tracheostomy tube opening and closes off the airflow via the tube, 
therefore allowing respiration exclusively through the natural upper airway. The first 
time the cap is trialed, the surgeon is present to closely assess the child’s tolerance 
of breathing through the nose and mouth. After this initial capping, trials may be 
started using a particular schedule (e.g. when awake) or fulltime for a period of a few 
to several days. 
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If there are any signs of respiratory distress or if the child is unable to cough and 
clear secretions, the cap should always be removed immediately. Moreover, the child’s 
tracheostomy tube should always remain uncapped during sleep at home as signs of 
airway distress may be too subtle to be recognized by family or home care nurses. An 
overnight capping trial should only be conducted in an ICU setting. 

If a child is tolerating around-the-clock capping well, this indicates that the tra-
cheostomy tube is no longer needed and decannulation can be planned.

The third step consists of removal the tracheostomy tube. After successful overnight 
capping the tube is removed the following day and the stoma is covered with a small 
occlusive dressing. Most surgeons keep these patients in the hospital for 24 to 48 hours, 
or longer if there is any concern, to assure that the tracheostomy is no longer needed.

The forth step usually happens spontaneously: the remaining tracheocutaneous 
(TC) fistula which is kept covered with a small bandage will start to close over the next 
few days to weeks. In a minority of patients (<10%), the fistula has to be surgically 
closed. This option would be considered if the tract is still open 1 year after decan-
nulation in a young child. In an infant or adolescent with a larger airway, surgical 
closure may be conducted sooner. Usually, this minor procedure includes excising the 
stoma and placing a simple stitch or two in the anterior trachea.

Conclusion and future directions:
The prevalence of tracheostomy has decreased in recent years. Nowadays only 1%–2% 
of ventilated children require this procedure. Although it can be performed safely in 
experienced institutions, tracheostomy may be associated with significant morbidity 
and, although rare, mortality. Moreover, it continues to have a significant impact on 
the psychosocial development of the child. Therefore any alternative treatment option 
prior to proceeding with tracheostomy should be evaluated. 
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Clemens Aigner, Walter Klepetko
4 Lung transplantation

4.1 Introduction

The performance of pediatric lung transplantation remains the domain of a few 
highly specialized centers. Written by the experts Clemens Aigner and Walter Kle-
petko, and supported by Axel Haverich, this chapter presents a state-of-the-art 
position.

4.2 General considerations

Lung transplantation is an established therapy for virtually all non-malignant 
end-stage lung diseases. Lung transplantation in children presents some unique 
challenges that are not directly comparable to adult lung transplantation. This 
article focuses on the perioperative surgical aspects of the procedure. Differences 
in the immune system, tolerance mechanisms, psychosocial and long term care are 
equally important, however, they are beyond the scope of this chapter. The first 
pediatric lung transplantation was performed in a 16-year-old boy in 1987 in Toronto 
[1]. Pediatric lung transplantation is a relatively rare procedure with around 120 
procedures reported annually to the registry of the International Society for Heart 
and Lung Transplantation by 45 centers [2]. Even large centers perform only 10–20 
procedures per year. Ideally this complex treatment should be performed in dedi-
cated centers of expertise only. Survival after pediatric lung transplantation has 
improved over recent years mainly due to improvements in candidate selection, 
immunosuppression and refinements in the surgical technique and perioperative 
management.

4.3 Indications

Children in need of lung transplantation represent a specific spectrum of indica-
tions. Almost 80% of the children are older than 11 years at the time of their trans-
plant. In the case of a progressive lung disease on maximal medical therapy with a 
short life expectancy and a poor quality of life a referral for lung transplantation is 
indicated. 

Cystic fibrosis (CF), pulmonary arterial hypertension, congenital heart disease 
and surfactant protein B deficiency are the most common indications in infant 
transplantation with substantial variations in different age groups (Tab. 4.3.1)[3]. 
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Tab. 4.3.1: Common indications for pediatric lung transplatation (ISHLT registry report 2013).

Age group Indication % in age group

<1 year spB Deficiency 
CHD
iPAH
Fibrosis

20.4%
14.8%
13.0%
13.0%

1–5 years iPAH
IPF
Fibrosis (other)
OB
CHD

21.8%
12.6%
11.5%

9.2%
8.0%

6–10 years CF
OB
iPAH
Fibrosis (other)

50.5%
10.7%
10.2%

7.7%

>11 years CF
iPAH
OB

69.1%
7.9%
4.6%

The spectrum of indications and ideal timing for referral are outlined in Tab. 4.3.2. In 
the recent guidelines of the International Society for Heart and Lung Transplantation 
(ISHLT) specific recommendations for the selection of pediatric recipients are menti-
oned for the first time [4].

Tab. 4.3.2: Indications and timing for referral.

Disease Timing of referral

CF FEV < 30%, rapid decline, increasing frequency of hospitalization 
and exacerbations, recurrent hemoptysis and/or pneumothorax

IPAH WHO class III/IV, evidence of right heart failure, inadaequate 
reponse to medical therapy

Eisenmenger syndrome Progressive pulmonary arterial hypertension, impaired exercise 
tolerance

Interstitial lung disease Histologic evidence amd progressing functional decline

Bronchopulmonary dysplasia Respiraotry failure, progressive pulmonary arterial hypertension

Pulmonary vascular disorders Evidence in histology and right heart catheterization

Surfactant dysfunction Progressive or treatment refractory respiratory failure,  
progressive pulmonary arterial hypertension
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There are relatively few absolute contraindications to lung transplantation, which is 
comparable to the adult population. However, there is a long list of relative contraindi-
cations, which may vary from center to center. In the CF population, chronic infection 
with specific pulmonary pathogens such as the burkholderia cepacia complex may be 
a contraindication. In adolescent recipients, non-compliance is the main reason for 
chronic graft dysfunction. Thus, this needs to be addressed during the pretransplant 
workup. Untreatable extrapulmonary organ dysfunction usually is a contraindication 
for lung transplantation unless combined organ transplantation is possible. Com-
bined lung-liver transplantation is a typical example in CF patients. 

Pediatric patients requiring mechanical ventilation and extracorporeal life 
support still represent a high risk group for transplantation, however recent results by 
a number of experienced centers show very favorable outcomes in this group based 
on a careful patient selection. 

4.4 Allocation and size matching

The average waiting time for a suitable donor lung varies significantly in different 
countries, however, particularly for smaller children longer waiting times can be 
expected thus referral and listing should be early enough. Allocation algorithms vary 
substantially between different countries. The lung allocation score (LAS), which has 
been used in the United States since 2005, was also introduced in some European 
countries and allocates organs based on an algorithm to calculate waiting list morta-
lity and expected one year survival post-transplant [5, 6]. Children below the age of 
12 years automatically receive the highest possible LAS score in the Eurotransplant 
area. In the United States there is an ongoing discussion about the allocation of lungs 
of donors aged > 12 years towards recipients < 12 years. Size matching is crucial and 
frequently limits the organ availability for pediatric recipients. Therefore several stra-
tegies have been developed to overcome this aspect of donor organ shortage and to 
be able to utilize oversized donors. These aspects will be discussed in detail in the 
chapter on surgical technique. Donor and recipient height, gender, and total lung 
capacity (TLC) are the most important parameters used for size matching. Depending 
on the underlying disease the real TLC may differ significantly from the predicted TLC 
of the recipient, which has to be taken into account accordingly [7]. 

4.5 Surgical technique and lobar transplantation

The technique of pediatric lung transplantation is basically comparable to adult 
transplantation. While the general principles of the operation are equal in all centers, 
differences in technical details can be observed. This chapter describes the Vienna 
technique. Intubation is usually performed with a left-sided double lumen tube to 
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allow unilateral ventilation. In very small children a standard tube with the use of 
a bronchus blocker is an alternative. The choice, which lung is transplanted first, 
depends on donor as well as recipient issues. The preoperative recipient V/Q scan 
is an important tool in this decision process. Usually the functionally worse side is 
transplanted first. In case of a quality difference between the donor lungs, e.g. due to 
traumatic alterations or other minor impairments, the better lung will be transplanted 
first. The implantation in bilateral procedures is performed in a sequential technique. 

Pneumonectomy is performed in standard fashion with stapling of the pulmo-
nary artery and pulmonary veins. The bronchus is prepared centrally and opened 
with a scalpel. Two polydioxanone stay sutures are placed at the angles between the 
cartilaginous and the membranous portion. Thereafter the lung is removed from the 
chest cavity and the vessels are prepared intrapericardially. Meticulous hemostasis 
has to be performed before beginning with the implantation. 

The donor lung is then unpacked and the vessels are prepared and shortened (Fig. 
4.5.1). The pulmonary artery has to be carefully inspected for any intraluminal embo-
lism. The bronchus is shortened with not more than one cartilage ring remaining after 
the separation of the upper lobe bronchus and careful preservation of the peribron-
chial tissue. This is equally important for the area adjacent to the anastomosis as well 
as the bronchus intermedius on the right side, which is particularly prone to ische-
mic alterations. A bacteriological swab is taken and any residual mucus is removed 
from the bronchial system. Thereafter the implantation is performed with permanent 
topical cooling of the donor lung with ice slush. The first step is the bronchial anasto-
mosis, which is performed using a double-armed polydioxanone suture, starting at one 
end of the cartilaginous part, going over the membranous portion in a single running 
suture technique and then using the same single running suture for the anterior car-
tilaginous part. In case of a bronchial size mismatch the imbalance is adjusted over 
the whole circumference. Usually the anastomosis is not covered with any additional 
tissue. Some centers still use interrupted suture techniques on the cartilagineous part 
of the bronchus. 

Fig. 4.5.1: Pediatric donor lung prior to implantation.
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Thereafter the left atrium is clamped intrapericardially with a Satinsky clamp. A close 
surveillance of the hemodynamic situation is warranted at this point. The left atrium 
is opened and anastomosed at a level where myocardial muscle tissue is present, since 
at the level of the veins the tissue is too fragile to allow for a safe anastomosis. Usually 
a prolene running suture is used. An everting suture technique providing direct adap-
tation of donor and recipient endothelium is preferable to minimize the risk of throm-
bosis. The suture is secured with a clamp but at this stage not yet knotted. The next 
step is clamping and opening the pulmonary artery. The anastomosis is once more 
performed in a running technique.

After administering the initial dose of immunosuppression, retro- and antegrade 
flushing is performed to flush out the preservation solution and de-air the vascu-
lature. Thereafter the sutures of the artery and atrium are knotted. Protective ven-
tilation without any manual recruitment maneuvers is started at this stage. Finally 
hemostasis is performed with special attention to the donor pulmonary ligament and 
pericardium, which can be a source of substantial bleeding. After completing the 
implantation of the first lung the recipient pneumonectomy and implantation of the 
donor lung is performed in an identical way on the contralateral side. 

At the end of the operation 24 French drainages are placed in the costodiaphrag-
matic sinus and towards the apex and the incision is closed. It is beneficial to insert an 
additional small drain, which can be left in place to avoid basal fluid collection without 
compromising mobilization of the patient after the standard chest drains are removed.

In order to increase the donor pool for pediatric recipients, methods of downsizing 
donor organs are important to be able to accept oversized donors [8]. In case of a minor 
size mismatch of up to 20%, TLC non-anatomical simple wedge resections are an effec-
tive tool to tailor the donor lung. The most accessible target areas for these resections 
are the middle lobe on the right side and the lingula on the left side. In case of a more 
pronounced size discrepancy, lobar transplantation becomes an option. The division of 
the lobes is performed at the backtable immediately prior to the implantation to allow 
the most accurate size matching. The parenchyma of the donor lung is subdivided by 
standard stapler devices after identification of the artery in the interlobar fissure. The 
arterial branches are ligated, the veins and the bronchus are divided and after complete 
excision of the lobar carina, the lobes are separated and the implantation is performed 
in standard fashion. Polydioxanone 5/0 is used for the bronchial anastomosis. Lobar 
transplantations can be performed using all combinations of lobes, with the exception 
of a right upper lobe in combination with the middle lobe, which should be avoided 
since it requires leaving a bronchial stump, which is at high risk for dehiscence. 

4.6 Living donation

Living donor lobar transplantation is an alternative for pediatric recipients if a 
cadaveric donor organ cannot be expected to be available in due time. Only few 
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centers have accumulated large experience with this approach. Two adults, either 
parents or close relatives donate a lower lobe each to perform a bilateral lobar 
transplantation. In the US this approach has virtually disappeared after introduc-
tion of the lung allocation score [9]. The center in Kyoto has accumulated a large 
experience and developed several technical details including right and left inver-
ted lobar transplantation and sparing the native upper lobe in recipients [10–12]. 
In Vienna, 5 cases of living donor lobar lung transplantation have been performed 
so far. Recipient outcome is comparable and in some series even superior to recipi-
ents of brain dead donor organs. No donor mortality has been described. 

4.7 Extracorporeal support

There is a great variability in the use of extracorporeal support in lung transplantation. 
Extracorporeal life support as bridge to transplantation is increasingly used in selected 
patients and satisfying outcomes are demonstrated by many single center reports [13]. 
Patients with cystic fibrosis and pulmonary arterial hypertension are the most frequently 
bridged patient groups demonstrating the importance of this approach in the pediatric 
patient population [14, 15]. The concept of awake bridging recently has received great 
interest since it allows some degree of mobilization and physiotherapy and avoids the 
negative effects of long-term sedation. However, this approach requires a fully compli-
ant patient and applicability has to be judged very carefully in the pediatric setting. 

The pulmonary vasculature of children is not yet fully developed. In our expe-
rience recipients of pediatric organs are at an increased risk for the development of 
reperfusion edema and primary graft dysfunction. During a bilateral sequential pro-
cedure the first implanted lung is exposed to the entire cardiac output during the 
implantation of the second lung. To avoid a volume overflow the intraoperative use 
of extracorporeal support during the procedure is mandatory. For this purpose ext-
racorporeal membrane oxygenation (ECMO) has replaced cardiopulmonary bypass 
as the routine device in many centers [16–18]. Advantages include a decreased syste-
mic inflammatory response, the avoidance of full heparinization and – if necessary 
– the possibility to directly prolong the support into the postoperative period. For 
the intraoperative use central cannulation provides better drainage compared to a 
peripheral approach and is the preferred approach.

Postoperative ECMO support can be indicated for the treatment of severe primary 
graft dysfunction or as a planned prolongation in patients with pulmonary arterial 
hypertension and consecutive hemodynamic impairments. The use of adequately 
sized cannulas depending on the vessel diameter is required. While in adult lung reci-
pients postoperative ECMO support is routinely performed through a femoro-femoral 
approach, in very small children it can be beneficial to leave the central cannulation 
to avoid problem with small femoral vessels. 
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4.8 Outcome

The most comprehensive outcome report on pediatric lung transplantation is the 
annual ISHLT registry report [2]. Median survival for patients receiving transplants 
between 1990 and 2013 was 53 years. In the pediatric population long-term outcome 
is independent of the age group. There is a significant survival benefit of bilateral 
transplantation compared to single lung transplantation with a median survival of 
5.6 vs. 2.2 years (Fig. 4.8.1). 
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Fig. 4.8.1: ISHLT registry pediatric lung transplantation, survival single vs. double lung  
transplantation.

Our own experience with pediatric lung transplantation in Vienna has been publis-
hed three year ago and currently in 2015 consists of 82 primary pediatric lung trans-
plant procedures and 14 pediatric retransplantations [19]. Main indications were CF 
(63%), IPH (12%) and Eisenmenger (6%). The leading indication for retransplanta-
tion was CLAD in 80% of cases. In 95% of the cases bilateral procedures were per-
formed, single lung transplantation and combined heart-lung transplantation were 
performed each in 2.5% of the cases. Five year survival significantly improved with 
increasing experience and reached 71.16% in the recent decade (Fig. 4.8.2). Freedom 
from chronic lung allograft dysfunction 5 years after transplantation was 72%. In 
our experience results in pediatric recipients are comparable to the adult population 
in the recent decade. 
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Fig. 4.8.2: Vienna pediatric lung transplantation, survival comparison 1989–2002 versus  
2003–2014 (p = 0,002). One year survival 54.5% vs. 86.6%; 5 year survival 45.5% vs. 71.1%; 10 year 
survival 27.3% vs. 71.1%.

4.9 Retransplantation

Retransplantation in the pediatric setting is obviously very rare with only five to eight 
procedures reported annually since 2000. Outcome after pediatric retransplantation is 
worse compared to primary transplantation with a 1 year survival of 56.88% and a 5 year 
survival of 33.9%, however, these results have significantly improved in the past years 
and 5 year survival rates of more than 40% have been reported by single centers [20] 
and in patients undergoing retransplantation more than 12 months after primary trans-
plantation. Mirroring the situation in adult recipients, survival rates for retransplanta-
tion later than 12 months after the primary procedure are significantly better compared 
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to early retransplantation less than a year after primary lung transplantation [21]. In our 
own experience retransplantation for chronic lung allograft dysfunction successfully 
prolongs patient survival with 62.3% 5 year survival after the first retransplant proce-
dure. Due to continuous improvements in outcome, more patients are presenting for 
retransplantation and a growing number of experienced centers have started to perform 
pediatric retransplantation. Lobar and size reduced lung transplantations are impor-
tant options in paediatric retransplantation equal to the primary procedure [22].

4.10 Summary

Lung transplantation in children is a rare, however well established procedure provi-
ding equal outcomes to adult lung transplantation. Due to the complex management 
of these patients it should be performed in dedicated centers of excellence only to 
provide the best possible outcome. 

Axel Haverich

Comment

Lung transplantation in children remains a challenge in many aspects. Notwith-
standing translating adult surgery to a smaller individual, significant characteristics 
of pediatric organ transplantation in general have to be recognized. Surgery starts 
with the indication. In their chapter on ‘Indication for ped-LTx’, Aigner and Klepetko 
rightly focus on the characteristics of various lung diseases in different age groups 
with respect to indication for surgery. In our experience at Hannover Medical School, 
lung dysplasia represents an important indication in the very young age group, as 
listed in Tab. 4.3.2, data from the ISHLT. Here, psycho-social inflictions become overt, 
probably more so than in other indications since the patients may have never left the 
hospital after their birth.

Like in heart, kidney and liver transplantation, organ donation remains one 
impeding factor of broader application of lung transplantation in children. Accor-
dingly, both downsizing larger donor organs and living-related concepts have been 
adapted from liver transplantation in children. The surgical technique in lung trans-
plantation is correctly described by the authors. Long-term results, however, remain 
significantly inferior in lung transplants than after pediatric liver transplantation, 
which highlights the enormous importance of the lung as an organ directly communi-
cating with the outside world.

This fact seems to play an even more important role in children than in adults, 
which may hint at bronchiogenic infections as a potentially precipitating factor of 
chronic allograft dysfunction. However, while ventricular assist devices do only play 
a bridging role in HTx, ECMO has been shown to exhibit a rescue function after the 

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



126   4 Lung transplantation

operative procedure, as well. The Vienna group has to be complimented for their 
initial introduction of this therapeutic concept, especially in patients, adults and 
pediatric, undergoing lung replacement for PHT. Altogether, this chapter comprises a 
fine review of our current knowledge in pediatric lung transplantation. Its increased 
clinical application should stimulate reading, not only by pediatric surgeons.
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Jochen Hubertus and Dietrich von Schweinitz
5 Tumors in childhood and adolescence

5.1 Introduction

The indescribable benefit in pediatric oncology is that the diagnosis and treatment 
of each particular tumor are strictly performed in adherence to protocols that are 
regularly updated by national and international cooperative and interdisciplinary 
societies. This chapter, which was compiled by Jochen Hubertus and Dietrich v. 
Schweinitz, describes pulmonary, mediastinal and thoracic wall tumors and high-
lights some of the essential aspects of the most recent protocols developed by the 
SIOP (International Society of Pediatric Oncology).

5.2 Primary lung tumors in childhood and adolescence

5.2.1 General considerations

Primary lung tumors are extremely rare entities in children and adolescents. In most 
cases, diagnosis is difficult owing to the non-specificity of the symptoms and rarity 
of the disease. The overall incidence of primary, malignant, pediatric lung tumors is 
estimated to be 0.5 per 1,000,000 children and adolescents younger than 19 years of 
age, comprising only 0.2% of all pediatric malignancies [1]. In contrast, the incidence 
of benign lung tumors is 5 times higher, and that of metastatic lung lesions origi-
nating from Wilms tumors, osteosarcomas, Ewing sarcomas or rhabdomyosarcomas  
is 60 times higher  [2]. Neville et al. reported an equal sex ratio, as observed in other 
studies [1]. The median age at diagnosis is 16 years, and the incidence increases with 
age; 65% of patients are between 15 and 19 years of age [1]. 

Unspecific symptoms are specific for primary lung tumors in this cohort. They 
include cough, wheezing, hemoptysis, and recurrent pneumonia [3]. Owing to this 
unspecific appearance and the rarity of the disease, patients are treated for respira-
tory infections first, and diagnosis is often delayed for up to 1 year [4, 5]. Despite this 
delay, the prognosis of these lesions is good to excellent for most entities [1]. The 
exceptions are malignancies commonly appearing later in life, including squamous 
cell carcinoma (SCC), adenocarcinoma and small cell lung carcinoma (SCLC). One 
third of these tumors would have already metastasized at time of diagnosis, and the 
prognosis of these patients decreases to 28% [1].

As previously described, both benign and malignant tumors are observed, while met-
astatic diseases are the most clinically relevant. The most common malignant histology 
of primary pulmonary tumors is carcinoid tumors (51.3%–63%), followed by mucoepider-
moid carcinoma (9%–18%), SCC (4.5%–9%), adenocarcinoma (6.5%–8%), broncheoal-
veolar carcinoma (2%), SCLC (1%), pulmonary blastoma (4.5%) and others (3.9%) [1, 3]. 
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Benign tumors include inflammatory myofibroblastic tumors (42%), arteriovenous 
malformations (29%), hemangiomas (11%), lymphatic/venous malformations (11%), 
papillomas (5%), leiomyomas (1%), mucus gland tumors (1%) and others (1%) [2, 6]. 

Treatment is sometimes complicated by the rarity of the tumors and their delayed 
diagnosis. As such, no standardized treatment protocols exist, and therapy is guided 
by personalized strategies. In this context, surgery plays a crucial role because com-
plete resection of the tumor is usually feasible and essential to cure the patient. Nega-
tive predictive factors related to surgery are tumor size (>5 cm) and positive lymph 
nodes [3]. Another negative predictor is histology. In particular, SCC, adenocarcinoma 
and SCLC have poor outcomes. The different entities and their specific characteristics 
will be described in detail hereafter.

5.2.2 Bronchial carcinoid tumor

Bronchial carcinoid tumors account for 51.3%–63% of primary lung tumors in child-
ren and adolescents [1, 3], with an incidence of 0.25 per 1,000,000 children and ado-
lescents younger than 19 years of age [1]. They belong to the so-called neuroendocrine 
tumors that can arise in almost every part of the body. Most of the well-differentiated 
neuroendocrine tumors are located in the intestine, while 25% originate from neuro-
endocrine cells in the bronchi, known as enterochromaffin cells or Kulchitsky cells 
[7]. More than 90% of carcinoid tumors are considered low-grade malignant tumors  
(<2 mitoses/10 high-power fields [HPF], nuclear pleomorphism and absence of necrosis) 
[7, 8]. In general, neuroendocrine bronchial tumors range from low-grade (typical bron-
chial carcinomas, Grade 1) to intermediate-grade (atypical bronchial carcinoids, Grade 
2) to high-grade (large cell neuroendocrine carcinoma and SCLC, Grade 3) malignancies 
[7]. The molecular biology and cytogenetics of carcinoid tumors are still under inves-
tigation. In contrast to other carcinoid tumors, the bronchial ones do not seem to be 
associated with multiple endocrine neoplasia type 1 (MEN-1), an autosomal dominant 
genetic disorder otherwise associated with tumors of multiple endocrine organs. Spo-
radic neuroendocrine/carcinoid tumors have been linked to loss of heterozygosity at 
the MEN1 locus (chromosome 11q13) [9]. Deletions of chromosome 11q were identified 
in 66% of atypical and 47% of typical carcinoid tumors. The 11q deletion was rarely 
identified in poorly differentiated neuroendocrine lung cancers [10].

5.2.2.1 Typical and atypical bronchial carcinoids (Grade 1/2)

Clinical presentation
Since both types of bronchial carcinoids are always located centrally in the bronchial 
tree, they become conspicuous, with symptoms of central obstruction, cough, hemo-
ptysis, asthma-like symptoms or recurrent pneumonia. These symptoms are unspe-
cific, but their recurrence in a child with obstructive pneumonia localized in the 
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same lobe, persistent cough or wheezing that is not responsive to the usual therapy 
should alert the physician and suggest diagnostic procedures such as chest X-ray and 
bronchoscopy [8]. Carcinoid syndrome, which presents with flushing, diarrhea, pal-
pitations and asthma-like symptoms, is caused by serotonin release from the tumor. 
Unlike in the gut, classic carcinoid syndrome is rare in bronchial carcinoids and is 
generally associated with metastatic disease [8, 11]. 

Diagnosis and imaging
Upon encountering the persistent symptoms described above, physicians should 
be aware of bronchial carcinoids as a rare, but important differential diagnosis. 
As a first diagnostic step, a chest radiograph is required. Additionally, endoscopy 
plays a central role in the diagnosis and initial management of carcinoids. A bron-
chial biopsy should be taken whenever possible. The macroscopic appearance of a 
bronchial carcinoid is a smooth, pink–reddish or yellow endobronchial mass often 
covered by intact mucosa [8]. Despite harvesting a biopsy for histological confir-
mation of the diagnosis, debulking of the obstructing mass with or without a laser 
is also feasible. The physician should be aware of the risk of a major hemorrhage, 
and careful endoscopic assessment should only be performed in specialized centers 
with great experience.

Laboratory parameters include chromogranin A, neuron-specific enolase (NSE), 
and serotonin. Urinary tests with 24-hour urinary excretion of 5-hydroxyindolacetic 
acid are also indicated [12]. Computed tomography (CT) of the chest with intrave-
nous contrast enables the visualization of extra-bronchial components to distin-
guish tumors from atelectasis and staging of the disease. An ultrasound study of the 
upper abdomen is also recommended. An octreotide scintigraphy scan is useful in 
the case of disseminated disease or Cushing’s syndrome for staging; it can also be 
useful during follow-up to detect local recurrence or distant metastasis. Due to the 
high grade of differentiation of typical bronchial carcinoids and its low metabolic 
activity, the role of fluorodeoxyglucose–positron emission tomography (F18-FDG-
PET) scanning is more uncertain [8]. In fact, gallium-68 (Ga-68-) DOTA-PET seem 
to be the PET tracers of choice in the initial evaluation of patients with suspected 
bronchial carcinoids (Fig. 5.2.1). In this setting, Ga-68-somatostatin analogue 
PET/CT could be performed primarily and, if negative, F-18-FDG PET/CT could be  
performed subsequently [13].

Treatment 
Surgery represents the treatment of choice for pulmonary carcinoids, achieving long-
term survival in cases of radical resection in both adults and children [14]. Since most 
tumors are low-grade, lung-sparing surgery is feasible in almost all cases and should 
be performed whenever possible. In addition, resection can be performed with free 
margins of only 1–2 mm without an increase in the local recurrence rate. Oncological 
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results are similar to those of pneumonectomy, but the quality of life and orthope-
dic outcomes are better after lung-sparing surgery [14], compromising bronchoplasty, 
wedge resection or sleeve resection (Fig. 5.2.2). 

Lymph-node dissection should always be performed during tumor resection. 
However, whether a radical lymph-node dissection is necessary for bronchial carcinoid 
treatment or whether lymph-node sampling might be enough remains controversial. 

Fig. 5.2.1: PET/CT scan of an typical carcinoid of the right lower bronchus.

Fig. 5.2.2: Bronchoscopic view after resection  
of the carcinoid.
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The prognostic relevance of lymph-node involvement in adult bronchial carcinoid has 
been described [15], but this is not yet established for children. 

Currently, there is no consensus on adjuvant therapy in pulmonary carcinoids 
after complete resection. Indeed, both prognostic studies and trials in the adjuvant 
setting are lacking. Only patients with atypical carcinoids with positive lymph nodes, 
especially if there is a high proliferative index, should be considered for adjuvant 
therapy and on an individual patient basis in the context of a multidisciplinary tumor 
board meeting. Clinical trials are needed in this setting [16]. 

Prognosis
Even if the prognosis is excellent after complete tumor resection (20-year disease-free 
survival of 94% [8]), long-term follow-up is strongly recommended because late, local 
recurrences have been described.

5.2.3 Mucoepidermoid carcinoma of the bronchus

Mucoepidermoid carcinoma, as defined by the World Health Organization, is a com-
bination of mucus-secreting, squamous and intermediate cell types. These three 
cell types can be organized into different patterns including glands, tubules, cysts, 
nests and solid areas. The relative frequency of these three cell types in a given 
case varies considerably and serves as one of the histologic criteria for grading 
this tumor. It is not uncommon in adults, but it is rare in children, even if the true 
incidence is unclear. The majority of the literature consists of case reports or small 
series. Mucoepidermoid carcinoma of the lung, however, is rare, with a reported 
frequency of 0.1% to 0.2% of all primary lung tumors. Usually, mucoepidermoid  
carcinomas arise in the parotid and submandibular salivary glands and in the minor  
salivary glands of the oral cavity and perimaxillary region. Mucoepidermoid carci-
noma of the bronchus occurs in patients with a wide range of ages (from 3 to 78 years), 
and both sexes are affected equally [17]. 

Clinical presentation
Since mucoepidermoid carcinomas arise from salivary glands of the main bronchial 
tree, the clinical symptoms are unspecific and manifest as central airway obstruction 
with cough, hemoptysis, bronchitis, wheezing, fever and chest pain [18]. Owing to 
these unspecific symptoms, diagnosis is delayed in most cases.

Diagnosis and imaging
Mucoepidermoid carcinomas typically arise from bronchial mucous glands in the 
main stem bronchus or in the proximal portion of lobar bronchi as an endobronchial 
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polypoid growth. Similar to the recommendations for bronchial carcinoids, every 
therapy refractory finding of obstructive pneumonia should lead to further investi-
gations, starting with a chest radiograph and a bronchoscopy. However, since the 
tumor is covered by normal respiratory epithelium, bronchial lavage and brushing 
are seldom diagnostic, and forceps biopsy must be performed. Mucoepidermoid 
carcinomas usually present as exophytic luminal masses, which can be sessile or 
polypoid with a broad base connected to the bronchial wall, or pedunculated with a 
well-formed stalk. The cut surface is gray-white-tan with a glistening mucoid texture. 
Cystic degeneration can be observed in some mucoepidermoid carcinomas. The size 
of the tumor varies considerably within a range from several mm to 6 cm in diameter 
in some studies [17]. 

An additional chest CT scan with contrast media is necessary to visualize the 
size, location and involvement of the surrounding structure of the tumor. In general, 
lymph nodes are not involved, but they should be considered. Radiological findings 
include hilar or perihilar masses and associated obstructive changes (atelectasis, con-
solidation, bronchocele or hyperinflation) [19].

Finally, diagnosis is made histologically. As mentioned previously, mucoepider-
moid carcinomas consist of three cell types that serve as one of the histologic criteria 
for tumor grading. The coexistence of three cell types is very characteristic for a low-
grade mucoepidermoid carcinoma, but some debate remains regarding the defini-
tion of high-grade mucoepidermoid carcinoma. High-grade lesions usually demon-
strate necrosis, nuclear pleomorphism, active mitosis and a solid or nested pattern 
of growth for the intermediate or squamous cells. In the literature, most mucoepi-
dermoid carcinomas of the bronchus are categorized as low grade, but high-grade 
mucoepidermoid carcinomas arising from the bronchus have been reported in adults 
with a frequency as high as 50% in a few small series. Low-grade mucoepidermoid 
carcinoma is usually confined to the bronchus and does not involve adjacent lung 
parenchyma. However, in high-grade neoplasms, the tumor can infiltrate into the sur-
rounding lung parenchyma [17, 18, 20]. 

Recent cytogenetic studies independently demonstrated several reciprocal 
chromosomal translocations frequently involving chromosome 11. Translocations of 
t(1;11)(p22;q13) result in overexpression of cyclin D1, and the translocations t(11;19) 
(q14-21;p12) and t(11; 19)(q21;p13) are capable of disrupting the Notch signaling 
pathway since they encode a novel fusion product, MECT1-MAML2 [17, 21]. 

Treatment
The regimen depends on the histological sub-type. Since low-grade tumors have a low 
risk of local and distal recurrences, treatment is surgical, and lung-sparing surgery 
is the technique of choice that can be performed as a sleeve resection, local resec-
tion, segmental resection or even lobectomy. In general, neither pneumonectomy nor 
endoscopic resection is recommended. 
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One study reported 54 patients with disease-free follow-up from 8 months up to 
21 years. One patient with lymph node metastasis died, one patient developed lymph 
node metastasis 5 years after the initial treatment and one patient had questionable 
lymph node metastasis [18]. Owing to the possibility of late-onset metastatic disease, 
patients with mucoepidermoid carcinoma of the lung should be provided with long-
term clinical follow-up. Even if the likelihood of high-grade mucoepidermoid carcino-
mas is extremely rare in childhood, treatment is directed by local infiltration, tumor 
size and lymph node metastasis. In this case, therapy is more aggressive and has to be 
adapted to the individual case. 

5.2.4 Adenoid cystic carcinoma

The third entity of salivary gland tumors is adenoid cystic carcinoma. Typically, 
they arise in the lower part of the trachea or main stem bronchi, and they show 
extra-luminal growth  [22]. These tumors are extremely rare in childhood, and only  
two cases have been reported [23, 24]. As for all of the other tumors described thus far, 
the symptoms are unspecific and include bronchial irritation or obstruction, such as 
cough, hemoptysis, atelectasis or pneumonitis.

The main diagnostics include a CT-scan of the chest and bronchoscopy. In contrast 
to bronchial carcinoids and mucoepidermoid carcinoma, adenoid cystic carcinomas 
are seldom observed with bronchoscopy due to the extraluminal growth. 

Treatment consists of complete resection whenever feasible, adjuvant chemo-
therapy and radiation [5]. Neoadjuvant chemotherapy was not administered in the 
published reports. The surgical procedure depends on the localization and extension 
of the primary tumor. Resection of the trachea and reconstruction of the continuity, 
lobectomy, sleeve resection or even pneumonectomy are potential options. 

Prognosis is poor and 8-year survival is 19.5% in adults [5]. Prognosis depends on 
surgery, early resection, (lung) metastasis and extra luminal extension of the tumor. 
Therefore, early diagnosis is mandatory for survival [5]. 

5.2.5 Pulmonary blastoma

Pulmonary blastomas are rare, primary lung neoplasias. The first peak incidence 
occurs in childhood, and 20%–25% of cases occur before 15 years of age [25]. Girls 
are slightly more affected (2.6:1 f:m) [26]. The etiology is still unknown, but there were 
some cases described in siblings with a germ-line mutation and another with proven 
Epstein-Barr virus infection. Finally, some pulmonary blastomas seem to arise within 
cystic pulmonary diseases (CPAM) [27]. 

These tumors are structured as fetal lung with mesenchymal and epithelial dif-
ferentiation, and the primitive epithelial tissue is embedded in immature embryonic 
mesenchyme with areas of cartilaginous and/or striated muscle differentiation [27].
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Clinical presentation
In contrast to those tumors arising in the trachea or main bronchial stem, the 
symptoms of pulmonary blastoma are dyspnea, fatigue, tachypnea, chest pain and 
recurrent pulmonary infections. 

Diagnosis and imaging
This tumor appears as a solid mass, sometimes with cystic areas, on chest radiographs 
(Fig. 5.2.3). The space-occupying mass displaces the remaining lung and a mediasti-
nal shift occurs [27]. Further diagnostics include a CT-scan (Fig. 5.2.4) and magnetic 
resonance imaging (MRI) to reveal infiltration of surrounding structures, the dimensi-
ons of the tumor, lymph node involvement and compression of the trachea and major 
vessels. Bronchoscopy and a biopsy complete the diagnostics [25]. Histologically, 
pulmonary blastoma is a biphasic tumor consisting of immature or primitive epithe-
lial and mesenchymal components and resembles an embryonic lung. The epithe-
lial component is composed of glands lined by columnar cells with glycogen-filled 
vacuoles, often resembling fetal adenocarcinomas. Squamoid morules may also be 
observed, and the mesenchymal component is primitive, consisting of spindle to oval 
cells in a myxoid stroma, sometimes including osteosarcoma, chondrosarcoma or 
rhabdomyosarcoma [28]. 

Management
Complete resection of the tumor should be targeted. However, infiltration of surroun-
ding structures and friability of the tumor may complicate excision. In these cases, 

Fig. 5.2.3: Plain chest radiograph of a patient with pulmoblastoma.
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surgery is limited to obtain tissue for histology and to reduce the tumor burden. Even 
in cases of macroscopically complete resections, local recurrence within a few months 
is quite common. Irrespective of the success of the surgery, recurrence seems to occur 
during the first year after diagnosis or not at all. Larsen et al. reported successful sur-
gical excision of local recurrences in a few cases [29].

In contrast, the role of chemotherapy and radiation for the treatment of pulmo-
nary blastoma is still unclear owing to the lack of data [29]. Sarnacki et al. reported 
of their experience with nine cases of pulmonary blastoma; they stated that owing 
to the high chemosensitivity of these tumors, pneumonectomy should be avoided 
for otherwise unresectable tumors and the decision to administer radiotherapy 
should be restricted to cases of persistent viable tumor. In order to define adjuvant  
chemotherapy strategies in the future, multi-institutional trials are needed.

5.2.6 Bronchioloalveolar carcinoma/adenocarcinoma in situ

Bronchioloalveolar carcinoma is a subclass of non-small-cell lung cancer and of  
adenocarcinomas in particular. In 2011, a revised classification renamed these tumors 
as adenocarcinomas in situ [30]. These tumors account for approximately 2% of mali-
gnant lung cancer in children [3]. They arise from distal bronchioles and alveoli and 

Fig. 5.2.4: Corresponding chest CT scan with large mass of pulmoblastoma.
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show a low tendency for invasive growth and metastatic spread. Rojas et al. described 
four cases of adenocarcinomas in situ in children [3]. None of them had metastatic 
disease, and the therapy of choice was complete resection with lobectomy. Radiation 
was not applied, and chemotherapy was administered to only one patient. Regional 
lymphadenectomy was performed in one patient, and none of these patients had meta-
stases [3]. However, prognosis is excellent with a 5-year overall survival of 100% [31]. 
Interestingly, there are signs that adenocarcinomas in situ are associated with benign 
pulmonary lesions such as congenital cystic adenomatoid malformations (CPAM) or 
other malignant tumors [32]. Kayton et al. described in these patients with coinciden-
tal malignancies an accumulation of KRAS mutation or EGRF mutations. They propo-
sed a lung-sparing surgery to resect the adenocarcinoma in situ.

5.2.7 Hemangiopericytoma

Hemangiopericytoma is a highly vascularized soft-tissue sarcoma (Fig. 5.2.5). 
These tumors are derived from fibroblastic cells and are classified as fibroblastic/
myofibroblastic tumors [33]. Most hemangiopericytomas are located at the lower 
extremity and the pelvis, but other regions can also be affected. Approximately 10%–20% 
are metastasized at the time of diagnosis, and 5%–10% of all hemangiopericytomas 
occur in children and adolescents. Primary lung hemangiopericytomas are extremely 
rare, but the lung is the primary site of metastatic disease, especially of intracranial 
hemangiopericytomas [34]. Interestingly, hemangiopericytomas in patients younger 
than 1 year show a good response to chemotherapy. Fernandez-Pineda et al. reported  
of good results with actinomycin D, vincristine and cyclophosphamide. The  
biological behavior in older children is similar to that in adults, and the response to 
chemotherapy is poor [33]. However, surgical resection is the most effective treatment, 
and complete removal of the tumor has to be sought. Results after incomplete resection 
are poor, and both chemotherapy and radiation are of limited value [34]. Finally, there are 

Fig. 5.2.5: Bronchoscopic view at a 
hemangioperizytoma.
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no histological markers defining the aggressiveness of these tumors, and late recurrences 
are known. Therefore, a diagnostic follow-up for at least 10 years is recommended [33]. 

5.2.8 Inflammatory myofibroblastic tumors

Inflammatory myofibroblastic tumors are rare neoplasias that occur in children and 
young adults. One-third of these tumors are located in the lung, but all other sites of 
the body can be affected as well [35]. Inflammatory myofibroblastic tumors can arise 
from the lung parenchyma, bronchus and the pleura and are associated with a clini-
cal syndrome in 15% to 30% of patients [35]. 

Histology
Originally, inflammatory myofibroblastic tumors were considered to be benign 
tumors, but there are some inflammatory myofibroblastic tumors with malignant  
characteristics and, occasionally, an unfavorable prognosis [36]. Additionally, 
identification of recurrent clonal rearrangements involving chromosome 2p in 
approximately 50% of cases is sufficient to characterize these tumors as true neo-
plasms [35].

Both the ‘‘benign’’ and ‘‘malignant’’ forms share similar morphologic fea-
tures, which are not predictive of prognosis or etiology. They are characterized 
by fascicles of bland myofibroblasts admixed with a prominent inflammatory 
component [36]. Histological features include variably cellular spindle cell pro-
liferation in a myxoid to collagenous stroma with a prominent inflammatory 
infiltrate composed primarily of plasma cells and lymphocytes, with occasional 
admixed eosinophils and neutrophils. Coffin et al. described three basic his-
tological patterns that are often seen in combination within the same tumor: 
a myxoid/vascular pattern, a compact spindle cell pattern and a hypocellular 
fibrous (fibromatosis-like) pattern [35, 37]. 

Even if the etiology is still unclear, some viruses such as the Epstein-Barr virus 
and human herpes virus 8, have been implicated in the etiology of these tumors [36].  
To date, there are no molecular markers with prognostic value.

Clinical presentation
Inflammatory myofibroblastic tumors of the lung become symptomatic with nonspe-
cific respiratory symptoms in most cases [36]. A constitutional syndrome consisting of 
fever, weight loss and malaise is seen in 15%–30% of the patients [35].

Diagnosis and imaging
Laboratory tests may reveal microcytic anemia, an elevated erythrocyte sedimen-
tation rate, thrombocytosis, and/or polyclonal hypergammaglobulinemia. In some 
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cases, the mass may be found only after an extensive workup for a fever of unknown 
origin or growth failure [35]. A plain chest radiograph is useful as first-line imaging 
since these tumors are large enough in most cases. A chest CT scan is the next dia-
gnostic step (Fig. 5.2.6), and the application of contrast media is advisable [38]. An 
additional PET-scan may be useful to screen for metastasis. However, histological 
examination is key to diagnosis. Biopsy can be achieved by video – assisted thoraco-
scopy or true-cut needle biopsy. 

Fig. 5.2.6: CT scan with contrast of an inflammatory myofibroblastic tumor.

Treatment
After confirmation of diagnosis, complete surgical resection is the treatment option 
of choice. The type of resection depends on tumor localization; in any case, com-
plete resection is mandatory, since incomplete resection is associated with high 
local recurrence rates [39]. In the case of giant tumors or tumors adjacent to vital 
structures, neoadjuvant treatment might be indicated. High-dose corticosteroids 
are the first-line treatment for these patients, since most inflammatory myofibro-
blastic tumors show a good response to treatment [39]. In the case of non-responders, 
rituximab is another agent with good clinical outcomes, especially in patients with 
orbital inflammatory disease [40]. Subsequent surgical resection can be performed 
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afterwards (Fig. 5.2.7). Diagnostic follow-up should be performed for at least 10 years 
since cases of late, local recurrences have been described [35].

5.2.9 Pulmonary arteriovenous malformations

Pulmonary arteriovenous malformations are rare, sporadic shunts between pulmonary 
arteries and veins. They are characterized by a high flow, low-resistance and a right-
to-left shunt. This shunt can be clinically relevant in larger malformations, resulting 
in hypoxia or a variety of neurologic sequelae. In most cases, these malformations are 
associated with the congenital, autosomal dominant, hereditary hemorrhagic telan-
giectasia formerly known as Osler-Weber-Rendu syndrome. Rare other causes may 
include trauma, cardiac surgery, malignancies and hepatopulmonary syndrome. The 
latter relates to the lack of the ability of the liver to metabolize vasoactive substances.

Clinical presentation
Since pulmonary arteriovenous malformations are rare diseases, it is sometimes  
difficult to see the link between the clinical symptoms and the underlying patho-
logy. Therefore, pulmonary arteriovenous malformations should be considered in the 
evaluation of young patients who present with hypoxia/cyanosis, cerebral abscess, 
transient ischemic attacks (TIAs) and/or stroke [41]. 

Diagnosis and imaging
Seated, recumbent and post-exercise pulse oximetry may show decreased oxygen 
saturation on room air. An echocardiogram and electrocardiogram are mandatory 

Fig. 5.2.7: Intraoperative view at the inflammatory myofibroblastic tumor.
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to detect the ventricular load. The malformation can be seen in most cases on plain 
chest radiograph, but should be verified with a chest CT scan. An abdominal ultra-
sound is useful to exclude any other malformations. MRI of the head is mandatory in 
patients with neurologic disorders [41].

Treatment
Historically, pulmonary arteriovenous malformations were treated by surgical  
excision. To date, first-line treatment is embolization with coils by an interventional 
radiologist. The success rate is as high as 95%, even when including cases of recana-
lization [41]. 

Prognosis
The associated mortality of the untreated pulmonary arteriovenous malformation is 
estimated to range from 0% to as high as 55%, depending on the publication. Gossage 
et al. reviewed several studies of untreated patients and calculated a stroke incidence 
of 11.4%, a brain abscess incidence of 6.8% and total morbidity and mortality at 23% 
[42]. White et al. reported migraine headaches in 43% of patients, TIAs in 37%, stroke 
in 18%, brain abscess in 9% and seizures in 8% [43]. In contrast, treatment-associated 
complications are low and the success rate is high.

5.2.10 Hamartoma

Hamartomas of the lung are benign congenital lesions that are also called CCAM or 
CPAM. This entity will be described elsewhere in this book.

5.2.11 Juvenile respiratory papillomatosis

Juvenile respiratory papillomatosis is caused by infection with the human papilloma 
virus, serotypes 6 and 11. Multiple papillomas affect different sites of the (upper) res-
piratory tract, including the vocal cords, subglottic space, ventricular bands and the 
epiglottis. However, 5% of patients have tracheobronchial involvement, and 1% have 
parenchymal lung disease [44]. Hoarseness is the most common symptom of patients 
with papillomatosis, but every other symptom of upper airway obstruction can also 
be observed [45].

Diagnosis and imaging
In cases of laryngeal involvement, papillomatosis can be detected by a simple inspec-
tion of the larynx by placing a mirror into a patient’s mouth. In general, a laryngo-
tracheoscopy is needed to visualize the papillomas and perform a biopsy to test for 
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Fig. 5.2.8: Bronchoscopic view at an extensive 
papillomatosis.

the presence of human papilloma viruses (Fig. 5.2.8). In cases of severe papilloma 
burden, an additional plain chest radiograph and/or a chest CT scan might be helpful.

Treatment
The standard therapy is surgical excision with cold instruments, CO2 laser, pulsed 
dye laser or microdebrider, but many surgical interventions are needed to control 
the disease. The mean frequency is 4.4 interventions per year. Surgical therapy can 
be supported by an intralesional application of cidofovir, which is an antiviral agent 
effective against DNA viruses [44]. Patients with severe upper airway obstruction due 
to tracheal papillomas require tracheostomy to secure the airways.

Prognosis
The delay between the first symptoms and initiation of therapy is prognostic for the 
future course of the disease. Silva et al. showed that a delayed diagnosis is negatively 
associated with the outcome [45]. Although juvenile respiratory papillomatosis is con-
sidered a benign disease, its potential for malignant degeneration has been described 
in several studies [46]. In contrast to adult-onset papillomatosis, which has a remis-
sion rate of approximately 70% [47], the juvenile form is more aggressive and more 
likely to spread outside the larynx [44]. 

5.3 Chest wall tumors in childhood and adolescence

5.3.1 General considerations

Only 20% of all thoracic tumors account for chest wall tumors. Although these tumors 
are rare in childhood and adolescence (1 per million children less than 15 years of 
age), several differential diagnoses have to be considered. There are important dif-
ferences in incidence rates of different countries. While in less developed countries, 
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tuberculosis is considered at first instance, in Europe and Northern America, mali-
gnancies are more common [48]. In contrast to adult patients in whom chondrosar-
coma is the predominant malignancy, primitive neuroectodermal tumor (PNET) is the 
common malignancy in childhood [48].

Fortunately, technical improvements have facilitated the resection of even large 
tumors. New technical devices allow the resection of relevant chest areas without 
residual paradoxical respiration. Therefore, surgical resection of both, benign and 
malignant tumors, has improved over the last several decades [49].

Clinical presentation ranges from visible deformation of the thorax to respiratory 
distress and recurrent pulmonary infections in case of intrathoracic growth. Beyond 
anamnesis and physical examination, plain chest radiography is the first-line diag-
nostic tool. Chest radiography can detect large masses, bone erosion, pulmonary infil-
tration, and in some cases, mediastinal lymphadenopathy. The next step is to perform 
an axial thoracic computed tomography (CT) scan, which can detect the site, size, 
bony involvement, and infiltration into contiguous structures. CT scan is needed to 
screen for lung metastasis [49]. Magnetic resonance imaging (MRI) is necessary only 
in few cases, especially when spinal cord involvement is expected. Otherwise, CT scan 
is the screening method of choice. Additional positron emission tomography (PET) 
scan is helpful in detecting the metastatic spread of malignant tumors; however, it 
might also detect inflammatory processes [49]. Finally, a biopsy is needed for defini-
tive diagnosis. Since fine-needle aspiration biopsy is insufficient to determine subty-
pes of malignant tumors, Tru-cut needle biopsy is the diagnostic tool of choice in most 
cases. Limited open biopsy is requested if larger tumor tissue samples are needed.

5.3.2 Primitive neuroectodermal tumors (PNETs)

These tumors are members of the Ewing tumor family and share the common t (11; 22)
(q24; q12) translocation. They are highly malignant “small blue round cell tumors” 
[49]. PNETs can arise at any site of the body and a PNET of the chest wall is known as 
Askin tumor.

Clinical presentation
Patients with PNETs have chest wall masses and/or radicular pain. Even severe back 
pain can occur in case of vertebral involvement. Dyspnea and diminished breath 
sounds can be caused by the space occupying effect of the tumor, as well as by reac-
tive pleural effusions. 

Diagnosis and imaging
The first-line diagnostic tool is plain chest radiography where masses and bone 
destruction may appear. A CT and MRI scan with contrast medium would be the next 
step (Fig. 5.2.1), followed by PET or a whole body technetium bone scan for staging [50].  
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A limited biopsy would confirm the diagnosis. However, the surgeon has to determine 
an incisional site that would not compromise subsequent resection. Therefore, we 
recommend that the surgeon who would perform the resection should also perform 
the biopsy. Parallel to the biopsy, bone marrow aspiration should be performed [50].

Treatment and prognosis
After histologic confirmation of the diagnosis, neoadjuvant chemotherapy is adminis-
tered. PNETs are treated according to the Ewing sarcoma protocol of the EURO-Ewing  
trial [50]. Subsequently, complete curative resection of the primary tumor is targeted 
(Fig. 5.3.2). Treatment continues with adjuvant chemotherapy. If feasible, resection of 
the metastases is performed. If residual tumor is still present, radiation therapy is an 
alternative for local treatment. In some cases, autologous stem-cell transplantation is 
required [49, 50].

Presence of metastases is the most prominent adverse prognostic factor in Ewing 
sarcoma. Metastases are detected at diagnosis in 15–33% of the patients, with survival 
rates of 9–41%, which are lower than the approximately 70% survival expectancy 
of patients with localized disease. Patients with primary pulmonary metastases fare 
better than patients with primary bone and/or bone marrow involvement do [50]. 

5.3.3 Rhabdomyosarcoma

Rhabdomyosarcoma arises from the primitive mesenchymal stem cells that differen-
tiate to form the striated muscle. It can occur anywhere in the body, including the 
sites where striated muscle is normally not found. The incidence of rhabdomyosar-
coma among children is estimated to be 4 per million in children less than 15 years 
of age. 

(a) (b)

Fig. 5.3.1: Initial CT scan of a Ewing sarcoma of the right chest wall (a) and same 
patient after neoadjuvant chemotherapy (b).
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Clinical presentation
In general, symptoms are mild and not specific. In most cases, swelling and/or pain 
at the tumor site are the primary signs [49]. 

Diagnosis and imaging
As for other entities, plain chest radiography, and CT and MRI scans of the chest with 
contrast media, are the first-line diagnostic tools of choice. Whole-body technetium bone 
scan and bone marrow aspiration are needed for staging, and finally a limited biopsy is 
performed to confirm the diagnosis. Alternatively, an ultrasound guided Tru-cut biopsy 
can be performed, which would give similar results. However, the surgeon has to deter-
mine a site of incision that would not compromise subsequent resection. Therefore, we 
recommend that the same surgeon perform both the resection and the biopsy [48, 49].

Treatment and prognosis
Complete resection after neoadjuvant chemotherapy is the mainstay of treatment.  
Chemotherapy is administered according to the treatment protocols of the CWS-
2007-HR Trial. Current treatment protocols recommend radiotherapy for all patients 
with chest wall tumors, with microscopically and macroscopically residual disease, 
especially because local disease control is of utmost importance. Most notably, 

Fig. 5.3.2: Intraoperative view after complete resection of the affected ribs and the 
replacement by a Gore-tex® patch.
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patients with alveolar histology do benefit from radiotherapy irrespective of the 
postsurgical status. Therefore, radiotherapy is recommended for such patients in all 
cases [48]. 

However, prognosis depends on several factors. Alveolar rhabdomyosarcoma has 
worse prognosis than the embryonic type. Additionally, incomplete resection also 
has poor prognosis, and compared to other tumor sites, the chest wall is particularly 
unfavorable. Finally, lymph node involvement, tumor diameter >5 cm, and the age at 
diagnosis >10 years, are associated with poor prognosis [48]. Interestingly, the Inter-
group Rhabdomyosarcoma Study II and III (IRS-II and II) showed that patients with 
microscopic residual disease had better survival than patients with microscopically 
complete excisions did. The latter had higher rates of local recurrence. These patients 
had not received any further therapy for local control, in contrast to patients with 
microscopically residual malignant cells. This indicates that determination of margin 
status might be difficult in soft-tissue tumors [48]. 

5.3.4 Osteosarcoma/malignant fibrohistiocytoma

These tumors are also extremely rare in childhood. The incidence is estimated to be 
as high as 4.8 per million in children less than 15 years of age. Only 1% are located 
in the chest wall and the spine. (Neo-) adjuvant chemotherapy and complete resec-
tion are crucial for treatment, because these tumors are relatively insensitive to 
radiotherapy. The success of resection is the main prognostic factor. Owing to mul-
tidisciplinary approaches, the overall survival increased over the last decades to 
71% in children younger than 9 years of age, and to 48% in older children. Mali-
gnant fibrohistiocytomas are often mixed up with osteosarcomas. However, their 
incidence is approximately 10% that of the osteosarcoma incidence, and approxi-
mately 2% are located in the thoracic wall. Treatment is similar to that administered 
for osteosarcomas. 

5.3.5 Fibrosarcoma

Two types of this rare soft-tissue sarcoma are known. Children less than 1 year of age 
have the infantile type of fibrosarcoma. Infantile fibrosarcoma is characterized by a  
t (12; 15) translocation. Infantile fibrosarcoma should be distinguished from giant 
cell fibroblastoma, a benign, nonmetastasizing tumor [49]. In general, infantile fib-
rosarcoma shows a rapid initial growth and tends to spontaneously regress. Metas-
tatic disease is uncommon (1–13%), and the overall prognosis is good with survival 
rates of 80–100% [48]. Because this tumor has high chemosensitivity, neoadjuvant 
therapy is indicated. Chemotherapy is administered according to the CWS-2007-HR 
protocol. Subsequent complete resection should be targeted, followed by adjuvant 
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chemotherapy. Radiation is only administered for local tumor control in selected 
cases, which are cases of incomplete resection and/or unresectable tumors [48]. 

Older children develop adult type fibrosarcoma with a worse prognosis. The 
5-year overall survival is reported to be 51– 60%, only. Therefore complete resection 
should always be targeted. (Neo-) adjuvant chemotherapy is also defined in the CWS-
2007-HR protocol. Radiotherapy is mandatory when clear surgical margins cannot be 
achieved [48]. 

5.3.6 Hemangiopericytoma

These soft-tissue tumors arise from mesenchymal stem cells and show pericyte diffe-
rentiation. Since they commonly derive from the bronchus, they are described else-
where in this book.

5.3.7 Langerhans cell histiocytosis (LCH)

LCH is characterized by the clonal proliferation of pathologic cells with the charac-
teristics of Langerhans cells. Whether LCH is a malignancy is not clearly defined. It 
can appear in a single organ or multiple organs. Langerhans cells are bone marrow-
derived dendritic cells that reside in the skin and lymph nodes. LCH is a rare disease 
of unknown etiology, with an estimated incidence of 8–9 cases per million in children 
less than 15 years of age. This disease is encountered in adult patients as well. Clinical 
presentation of LCH is very heterogeneous, ranging from a generally benign single-
system involvement, to a multisystem life-threatening disease [51]. 

The role of surgery is both diagnostic and in some cases curative. Since biopsy is 
important for diagnosis, surgical resection is indicated in selected cases only. 

In most unifocal bone lesions, a simple curettage or even a biopsy can provide 
diagnostic tissue and will often result in spontaneous healing. Surgical resection is 
usually not recommended and could potentially increase long-term deformity. Obser-
vation is restricted to LCH lesions in ‘non-risk’ bones in patients with a pathologic dia-
gnosis, and to patients presenting with vertebra plana without a soft tissue mass. The 
risk of biopsy in these patients outweighs the benefit, and this should be carefully 
followed to exclude malignancies including Ewing sarcoma. Indications for treatment 
include cases with severe pain, restriction of mobility, lesions with a risk of immi-
nent bone fracture, and spinal cord compression. Local therapies include steroids 
and irradiation. Intralesional instillation of steroids is an effective and safe treatment 
modality when therapy is required for a limited number of bone lesions. Low-dose  
radiation therapy (6–8 Gy) should be restricted to emergency situations such as spinal 
cord compression. Systemic therapies include indomethacin, bisphosphonates, and 
chemotherapy [51].
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Prognosis is worse in cases of multisystem disease and depends on the involve-
ment of the so-called risk organs, including the liver, spleen, lungs, and the hemato-
poietic system [48]. The role of surgery depends on diagnostic reasons. Treatment is 
defined in the LCH-III trial.

5.3.8 Lipoblastoma

Lipoblastoma is a slow-growing, benign tumor that presents as a chest wall mass. 
Pain is uncommon. Ultrasonography is of less diagnostic value, and the imaging 
modality of choice is MRI. These tumors give intense signals on T1-weighted MRI (Fig. 
5.3.3). Local excision is the preferred treatment option. It is important to remove all of 
the tumor; however, mutilation has to be avoided [48]. 

5.3.9 Mesenchymal hamartoma

This benign tumor presents at birth or shortly after with chest deformity and respi-
ratory distress. A calcified mass involving one or more ribs can be seen in the chest 
radiograph. The tumor is composed of chondroid tissue with large, endothelium-
lined vascular spaces, and immature mesenchyme with large osteoclastic giant cells 
and osteoid. It must be differentiated from aneurysmal bone cysts, and chondromas. 
Although these may be large tumors, they are benign and complete resection may not 
be necessary, except to relieve respiratory or cardiac embarrassment [48].

Fig. 5.3.3: CT scan of a mesenchymal hamartoma.
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5.3.10 Chondroma

Chest wall chondromas are benign tumors and arise from the costochondral arches or 
sternum as a chest wall mass. Even histological differentiation between chondroma 
and chondrosarcoma can be difficult. Therefore chondromas should be excised with 
a wide margin. Periosteal chondromas may arise in regions of previous thoracotomy. 
Chondromatous hamartoma of the chest wall is a very rare lesion that arises during 
infancy. These usually present as large masses, and hyaline cartilage on histology, 
resembling that of the growth plate, spindle cells, woven bone, and hemorrhagic 
cysts are seen. Wide excision is recommended in such cases as well [48]. 

5.3.11 Desmoid tumor

Chest wall desmoid tumors are noted to be locally aggressive, but metastatic spread 
is uncommon. Therefore, these tumors are categorized as semi-malignant. Complete 
resection with negative microscopic margins is associated with the lowest rate of local 
recurrence. These tumors have been observed in patients with mutations of the ade-
nomatous polyposis coli (APC) gene and in patients who previously underwent thora-
cotomy. Even sternal resection has been described as a treatment option [48]. 

5.4 Primary mediastinal tumors in childhood and adolescence

5.4.1 General considerations

Primary mediastinal tumors and cysts are relatively rare in children. In fact, the majo-
rity of mediastinal masses in children are malignant. In a recent report from seven 
American medical centers on cases from 1970 to date, 39% of the mediastinal masses 
were benign, whereas 61% were malignant. More than half of these were lympho-
mas. Neurogenic tumors were the most common benign lesions and the second most 
common malignancy. Mediastinal masses in children present in a variety of ways. 
Over one-half of children with mediastinal masses are symptomatic. Malignant 
lesions have higher chances of exhibiting symptoms than benign lesions. The most 
common symptoms in children are dyspnea, cough, fever, and malaise. Most medi-
astinal masses, regardless of whether they are malignant or benign, require surgical 
intervention either for diagnosis or for definitive treatment [52].

The compartmentation in anterior, middle, and posterior mediastinum is based 
on historical reasons. This was useful for differential diagnosis in the pre-computed 
tomography (pre-CT) era, since localization of tumors was assessed using lateral chest 
radiography. Nowadays CT scans are more precise in the diagnosis of these tumors. 
However, preoperative planning still orientates at this compartmentation.
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Apart from chest radiography and CT scan, magnetic resonance imaging (MRI) 
might be another tool for diagnostic work-up. However, this examination is limited 
by the length of the procedure. Therefore, control of ventilation through either volun-
tary or mechanical ventilation is crucial. Other examinations such as myelography, 
barium esophagram, and/or bronchography are restricted to limited indications only. 
In case of neuroblastoma, an additional metaiodobenzylguanidine (MIBG) scintigra-
phy is demanded and in case of other suspected malignancies, a positron emission 
tomography (PET) should be considered [52]. 

Surgery is required for both diagnostic and therapeutic intervention of the medi-
astinal masses. Several surgical procedures are available, including fine-needle 
biopsy, thoracoscopy, and thoracotomy. In selected cases, mediastinoscopy might be 
useful [53]. 

Since mediastinal masses can result in airway obstruction, they can cause severe 
respiratory distress, with a need for immediate intubation or tracheostomy. The same 
is true for induction of general anesthesia for elective operations. Therefore the anes-
thesiologist needs to be prepared for these complications [54].

The surgeon plays a role in the diagnosis and management of mediastinal 
tumors. Most tumors can be accessed by sternotomy, thoracotomy, or thoracoscopy. 
In selected cases, access from the neck through a suprasternal approach, or from 
the abdomen through the diaphragm is needed [52]. Mediastinotomy is rarely used 
in children except for biopsy or removal of the thymus, or occasional resection of 
cystic hygroma of the upper mediastinum. Sternotomy is most frequently used for 
anterior mediastinal masses, such as thymomas, teratomas, lipomas, and vascular 
tumors. The biopsy of masses by a Chamberlain incision through the second inter-
costal space and anterior thoracotomy might be useful in case of anterior medias-
tinal masses as well. Occasional anterior mediastinal masses may be resected or 
biopsied by thoracoscopy. Posterior mediastinal masses are generally approached 
by posterolateral thoracotomy or thoracoscopy. Mediastinal tumors may involve 
adjacent structures including the nerves, vena cava, or pericardium [52]. In general, 
the surgeon has to keep these structures in mind while resecting the tumor in order 
to prevent mutilation. 

5.4.2 Lymphoma

Lymphomas are the third most common childhood malignancies and the most 
common types of pediatric mediastinal tumors (50%). More than 60% are non-Hodgkin  
lymphomas, and they present with large tumor burden especially in the anterior and 
middle mediastinum. In general, the role of the surgeon is diagnostic. However, in 
almost all cases, the diagnosis can be made from cervical lymph node biopsies. In 
exceptional cases, the upper airway obstruction necessitates emergency intubation or 
tracheostomy. Otherwise, lymphomas are treated with chemotherapy.
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5.4.3 Extragonadal germ cell tumors

Extragonadal germ cell tumors are typically located in the midline from the pineal 
gland to the coccyx. Even if 90% of the extragonadal germ cell tumors occur in adult 
men aged 20–35 years, there are documented pediatric cases as well as cases older 
than 60 years of age. The most common primary site is the anterior mediastinum fol-
lowed by the retroperitoneum, with rare occurrence in the pineal gland and presacral 
area. There are isolated reports of extragonadal primaries in the bladder, prostate 
or liver. Extragonadal germ cell tumors share the gain of isochromosome 12p with 
gonadal germ cell tumors. Cisplatin-based chemotherapy should be administered as 
for the testicular germ-cell tumors (GCT). Residual disease should be considered for 
surgical resection in nonseminomatous extragonadal germ cell tumors. 

The anterior mediastinum is the most common site of extragonadal germ cell 
tumors, comprising 50–70% of all extragonadal tumors. Mature benign teratoma or 
seminoma is most commonly observed. Malignant mediastinal germ cell tumors are 
divided between seminomas (40%) and nonseminomatous germ cell tumors (60%). 
The only known risk factor for mediastinal nonseminomatous germ cell tumors is the 
Klinefelter syndrome (47XXY) [55]. 

Treatment and prognosis
Primary mediastinal nonseminomatous germ cell tumors represent a clinically and 
biologically distinct subset of extragonadal germ cell tumors. Prognosis of these 
tumors is poor with an overall survival rate of 40–50% after platinum-based che-
motherapy and surgery. The overall survival decreases to 25% if there is metastatic 
disease of the lung, liver, or supraclavicular lymph nodes. In contrast, mediastinal 
seminomas have a good prognosis with 88–90% overall survival rates [55].

Primary mediastinal nonseminomatous germ cell tumors represent the most 
challenging group of malignant germ cell tumors. Survival outcome depends on 
successful chemotherapy and surgical tumor removal. Since a testis primary is 
unlikely, testis ultrasound is not needed. However, the levels of tumor markers 
including human chorionic gonadotropin (hCG) > 1000 U/l, and/or any elevation 
in the a-fetoprotein (AFP) level, indicate nonseminomatous extragonadal germ cell 
tumors. In these cases, an additional biopsy is not needed. These extragonadal germ 
cell tumors can be treated using the MAKEI protocol. Patients with normal tumor 
markers or a mild elevation in the hCG level require a biopsy to establish a definitive 
diagnosis [55].

Finally, surgical tumor resection after neoadjuvant chemotherapy is required 
and should be performed by experienced oncosurgeons. Viable tumor is present in 
30–47% of patients who undergo post-chemotherapy resection. In general, surgery 
for patients with testicular germ cell tumors is reserved for those with normalized 
markers. However, in the absence of effective salvage chemotherapy and long-term 

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



152   5 Tumors in childhood and adolescence

survival for patients with primary mediastinal nonseminomatous germ cell tumors, 
patients with local disease are likely to benefit from post-chemotherapy resection 
despite elevated markers before surgical resection [55]. 

The post-operative course depends on surgical success and histological diagno-
sis, and is specified in the treatment protocols such as the MAKEI protocol.

Mediastinal teratoma
Mature teratomas are large circumscribed tumors of the anterior mediastinum. These 
tumors are nonsecretory with normal serum hCG and AFP levels. They are only treated 
by surgical resection; however, in cases of secretory teratomas, chemotherapy should 
be considered due to the presence of malignant transformation.

The ‘growing teratoma syndrome’ is a special kind of presentation with a secon-
dary cardiopulmonary deterioration due to the growing teratoma. Prompt recognition 
of this syndrome, discontinuation of chemotherapy, and surgical intervention can be 
curative [55] (Figs. 5.4.1 and 5.4.2).

Mediastinal seminoma
Mediastinal seminomas comprise 30–40% of malignant mediastinal germ cell 
tumors. Mediastinal seminoma has an excellent prognosis and should be treated with 

Fig. 5.4.1: CT scan of a mediastinal 
teratoma.

Fig. 5.4.2: Intraoperative view at the same 
teratoma.
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a low-risk chemotherapy regimen (three cycles of bleomycin, etoposide, and plati-
num or four cycles of etoposide and cisplatin) with no surgical resection needed [55].

5.4.4 Thymoma and thymic carcinoma

Thymoma and thymic carcinoma are epithelial tumors arising from the anterior medi-
astinum. They are extremely rare in childhood and because of the role of the thymus 
in the immune system, these tumors are associated with autoimmune diseases in up 
to 40% of adult patients. Histologically, they are categorized according to the World 
Health Organization classification based on the presence of atypical epithelial cells, 
normal lymphocytes, and mimicking of the thymic architecture. Thymomas are low-
grade tumors with early local invasive growth, but unlikely distal metastasis. In cont-
rast, thymic carcinomas are highly aggressive and are characterized by early metasta-
tic spread with a poor prognosis. They may arise from preexisting thymomas. 

Clinical presentation
In some patients, local symptoms including cough, dyspnea, chest pain, respira-
tory distress and superior vena cava syndrome may occur; however, some of them 
are asymptomatic, and tumors are detected on chest radiography. Up to 15% present 
with paraneoplastic symptoms, such as myasthenia gravis, polymyositis, systemic 
lupus erythematosus, hypothyroidism, gastrointestinal disorders (chronic ulcerative 
colitis), collagen and autoimmune disorders (Sjögren’s syndrome, scleroderma, and 
polymyositis), hypogammaglobulinemia, dermatologic disorders (alopecia), endo-
crine disorders (Cushing’s syndrome), renal disease (nephrosis), and hematologic 
syndromes (red cell aplasia, agranulocytosis). The onset of these diseases can herald 
the presence of a treatable tumor [56]. 

Diagnosis and imaging
The first-line diagnostic tool is plain chest radiography followed by CT with contrast 
medium. PET may be useful as it can distinguish between hyperplasia and neoplasia. 
The use of semi-quantitative maximum standardized uptake value (SUVmax) may 
help distinguish low grade thymoma from thymic carcinoma [56]. Final diagnosis is 
made histologically after initial biopsy of the tumor.

Treatment and prognosis
Complete resection is crucial for treating all thymic neoplasms. However, this is dif-
ficult since most thymic neoplasms exhibit local invasive growth. Although com-
plete resection is the best treatment option, survival after gross total resection is 
slightly better than after biopsy alone. Due to the rarity of these tumors, no standar-
dized chemotherapy protocols are available. Most current protocols for patients with 
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unresectable thymomas include cisplatin, doxorubicin, cyclophosphamide, and 
prednisone; however, with poor outcome. Radiotherapy might be another option in 
combination with chemotherapy; however, the use of radiation has to be discussed 
individually [56].

There are some reports of epithelial thymic tumors expressing tyrosine kinases, 
such as epidermal growth factor receptor (EGFR), RET, AKT1, and c-KIT. These are 
potential targets for EGFR or mTOR inhibitors. Octreotide, an inhibitor of the somato-
statin type 2 receptor, has been efficacious in combination with prednisolone. Some 
authors used sunitinib and imatinib to treat thymic carcinoma. However, these are 
experimental approaches with lack of evidence [56]. 

5.4.5 Neurogenic tumors

Neurogenic tumors account for 25% of all pediatric mediastinal tumors. The majo-
rity (75%) of these tumors are benign. They arise from the peripheral nerves, sympa-
thetic ganglia, or rarely, parasympathetic ganglia. Schwannoma, neurofibroma, and 
malignant nerve sheath tumor arise from the peripheral nerves. Ganglioneuroma, 
ganglioneuroblastoma, and neuroblastoma arise from the sympathetic ganglia. Para-
sympathetic ganglia tumors include nonsecretory chemodectomas and pheochro-
mocytomas. Nerve sheath tumors are common in adult patients while sympathetic 
ganglia tumors predominately affect pediatric patients [57]. 

Schwannoma, neurofibroma, and malignant nerve-sheath tumor
Schwannomas and neurofibromas are benign, slow-growing neoplasms arising 
from any thoracic nerve. Schwann cells proliferating in a collagenous matrix are 
the origin of schwannomas. They are heterogeneous, especially when large, with 
areas of cystic degeneration, low cellularity, hemorrhage, myelin, and small calcifi-
cations. [57] In contrast, neurofibromas are usually homogeneous, well marginated, 
but nonencapsulated tumors. They result from unorganized proliferation of all nerve 
elements, including Schwann cells, myelinated and unmyelinated nerve fibers, and 
fibroblasts [57]. Despite these differences, both tumors manifest grossly as lobulated 
spherical masses. 

A plexiform neurofibroma is a well-defined, non-encapsulated tumor that usually 
infiltrates along an entire nerve trunk or plexus. Multiple neurogenic tumors, or a 
single plexiform neurofibroma is pathognomonic of neurofibromatosis [57]. 

Malignant nerve sheath tumors are considered as the malignant transformation 
of schwannomas or neurofibromas. Especially patients suffering from neurofibroma-
tosis are at higher risk of developing this malignancy. This pleomorphic tumor with 
high cellularity grows aggressively and tends to metastasize early.
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Clinical presentation
Most of these tumors present with no symptoms or minor symptoms, and are inciden-
tal findings on chest radiographs due to other indications. Only few patients experi-
ence paresthesia or pain caused by the compression of adjacent structures or from 
intraspinal tumor extension. Some of the neurogenic tumors can expand to the spinal 
canal, forming the so-called ‘dump-bell’ or ‘hourglass’ tumors. In this condition, com-
pression of the spinal cord with paraplegia may be the leading symptom. These events 
are emergency cases and need immediate intervention; a combined or staged neuro-
surgical and thoracic surgical procedure is necessary for intraspinal debulking [57].

Diagnosis and imaging
This tumor appears as a solid mass on chest radiographs. Further diagnostics include 
a CT scan and MRI to reveal infiltration into the surrounding structures, the spinal 
canal, the dimensions of the tumor, lymph node involvement, and compression of the 
trachea and major vessels. A biopsy completes the diagnostic procedures. Especially 
in patients with neurofibromatosis, a PET scan may be useful to detect transformation 
into malignant nerve sheath tumors [58]. In addition, the PET scan is used to detect 
metastatic spread of these malignant tumors.

Treatment and prognosis
Complete resection of solitary schwannomas and neurofibromas should be targeted. 
In case of neurofibromatosis, surgical resection is seldom reasonable, since a com-
plete removal of the tumor might not be feasible. In our experience, neurofibromas 
will relapse to the initial size in a short time. Therefore, patients with neurofibroma-
tosis need continuous follow-up, since they are at higher risk for malignant transfor-
mation. Their lifetime hazard might be as high as 10% [57].

Patients with malignant nerve sheath tumors need complete surgical resection 
with large margins. Otherwise, local recurrence is frequent with very poor prognosis. 
Adjuvant radiation therapy and chemotherapy do not seem to improve survival but 
may be beneficial in the treatment of metastatic disease [57].

Neuroblastoma, ganglioneuroblastoma, and ganglioneuroma
While neuroblastomas are malignant embryonic neoplasms with high maturation 
potential, the other two tumors represent different stages of maturation from mali-
gnant to completely differentiated tumors. Neuroblastomas arise from sympathetic 
ganglia such as the sympathetic trunk or the adrenal gland. They can be localized and 
eventually disseminate (stages 1–4). Only 20% of these tumors originate in the thorax 
and have better prognoses than retroperitoneal or intraabdominal neuroblastomas. 
The thoracic manifestations are in general as localized tumors [59]. Most of the neu-
roblastomas are symptomatic before 2 years of age.
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Clinical presentation
Spinal cord compression, weakness, or paralyses of one upper limb, clonus, 
Horner’s syndrome, or respiratory problems are clinical signs in approximately two 
thirds of the children. Another rare clinical manifestation might be the opsoclonus-
myoclonus-syndrome (OMS) [60]. However, in 30% of the patients, diagnosis is 
incidental [57].

Diagnosis and imaging
In cases of suspected neuroblastoma or ganglioneuroblastoma, several diagnostics 
are needed for verification of the diagnosis and to evaluate the stage of the disease. 
The diagnostic imaging tools are plain chest radiography, metaiodobenzylguanidine 
(MIBG) scintigraphy used to estimate the stage of the disease, and CT and/or MRI scan 
to visualize local extension (Fig. 5.4.3). Laboratory tests include tumor markers such 
as lactate dehydrogenase (LDH), neuron-specific enolase (NSE), and urine catechola-
mines. Tumor biopsy is needed to measure molecular markers such as MYCN amplifi-
cation and 1p deletion. These markers are needed for risk stratification. Biopsy can be 
performed by Tru-cut, thoracoscopic, or open biopsy. Bone marrow aspiration is also 
required for estimating the stage of the disease.

Treatment and prognosis
Treatment of these tumors is organized in multinational protocols,  for example the 
protocol by the European SIOP Neuroblastoma Group (SIOPEN). These protocols 

Fig. 5.4.3: MRI scan of an lipoblastoma predominately at the left hemi-thorax.
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Fig. 5.4.4: Intraoperative view after resection of the neuroblastoma.

manage the use of (neo-) adjuvant chemotherapy, surgical strategies, and radiation. 
Because of the high grade of spontaneous maturation, the watch and wait approach 
has to be balanced with surgical resection. Markers indicative for resection are MYCN 
amplification, (1p deletion), clinical symptoms (i.e. OMS, spinal compression), and/
or growing tumors. However, the decision for surgery is made using an interdiscipli-
nary approach. Thoracoscopic resection is feasible in some cases. Otherwise lateral 
thoracotomy is the procedure of choice (Fig. 5.4.4).
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6 Diaphragm

6.1 Introduction

Today, a literature review of studies relating to congenital diaphragmatic hernia 
(CDH) reveals more than 5700 references. The sheer volume of research in this area 
reflects ongoing and tireless efforts to unravel the still enigmatic etiology of CDH, 
and to improve the pre- and postpartum treatment and surgical techniques utilized 
to treat this condition. The interdisciplinary group from Rotterdam, namely Dick 
Tibboel, René Wijnen and Hanneke IJsselstijn accepted the challenge of compiling 
an up-to-date, concise overview of contemporary research approaches and findings. 
The overlap between CDH and congenital diaphragmatic event ration (CDE) might be 
of minor relevance. However, the surgical procedure is different, and the French col-
leagues Anne Schneider, Francesca Borruto and Francois Becmeur discuss this 
topic in depth.

Dick Tibboel, René Wijnen, Hanneke IJsselstijn

6.2 Congenital diaphragmatic hernia (CDH)

6.2.1 Introduction

For a number of decades the overall survival rates for newborns with congenital 
diaphragmatic hernia (CDH) remained around 50%. A number of landmark 
publications have changed the landscape of the individual patient with CDH 
and have resulted in a higher level of agreement regarding prenatal risk factors 
as well as standardization of postnatal therapy [1–9]. In this respect CDH has 
changed from a surgical emergency for a patient in which the main focus of 
therapy is directed towards optimal ventilatory support and prevention of long-
term pulmonary sequalae. Optimal therapy of pulmonary hypertension, which is 
due to the abnormal pulmonary vascular morphology, and our lack of knowledge 
concerning optimal medical therapy are today the main determinants of outcomes 
in individual patients. To this effect important international initiatives were  
raised such as the institution of the CDH registry in 1995 [7] as well as the 
establishment of the CDH EURO Consortium in 2006. More recently a Japanese 
working group on CDH has been established. Moreover international consensus is 
available now to determine the way of reporting for patients with CDH [10].
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6.2.2 Epidemiology of CDH

CDH has a worldwide incidence of 1 in 2500–3000 live births. Based on international 
collaboration a number of candidate genes as well as environmental factors have 
been identified as playing a role in the occurrence of CDH in individual offspring. 
Most of the genes, although located at different chromosomes, are known to have 
strong relationships with the retinoic acid pathway [11–13]. In the most used animal 
model of CDH (the nitrofen rodent model) the crucial step is interference with the 
enzyme RALDH2 as a pivotal step in retinoic acid metabolism, at least in experimental 
models. CDH may occur as an isolated anomaly but the increasing use of prenatal 
ultrasound and MRI has revealed a significant number of fetuses with associated 
anomalies (cardiac, renal) while modern genetic techniques have increased the yield 
of genetic abnormalities (array and next-generation sequencing). 

6.2.3 Pathophysiology of CDH

For a long time, the hypoplastic lungs of CDH patients have been considered as immature 
and resembling the lungs of preterm born infants. Although the prevalence of chronic 
lung disease in term-born CDH patients is around 30% and comparable with a preterm 
of around 1000 grams, no primary surfactant deficiency has been documented in new-
borns with CDH. The ongoing potential damage to the lungs by artificial ventilation may 
result in a secondary surfactant deficiency/inactivation. As such there is no argument 
to use artificial surfactant in patients with CDH and severe respiratory insufficiency. 
A recent trial [14] revealed that conventional artificial ventilation as initial ventilatory 
support is superior to high frequency oscillation. Increasingly treatment modalities are 
focusing on modulation of the pulmonary vascular tone as the main determinant of 
outcome in the majority of patients except for those who have an extreme form of pul-
monary hypoplasia and the number of available alveoli is under a critical level. Our 
present level of knowledge of the molecular mechanisms underlying normal and abnor-
mal pulmonary vascular development and the therapeutic targets to modulate pulmo-
nary vascular growth and/or tone is far from complete. As a consequence our treatment 
of pulmonary hypertension is still trial and error as no properly designed comparative 
effectiveness trials have been conducted so far for CDH specifically in contrast to the 
body of literature on the use of inhaled NO in preterm-born infants. 

6.2.4 Prenatal diagnosis

Worldwide, numerous attempts have been made to identify the optimal prenatal 
predictor of outcome for an individual patient with CDH. In most institutions the 
observed/expected (O/E) LHR (formerly LHR) which is independent of gestational 
age is used as a predictor of outcome of the individual patient although this use 
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is still debated [15]. Apart from the O/E LHR, the position of the liver (liver up or 
down), the presence of associated anomalies (cardiac, renal, etc.) and the absence 
or presence of chromosomal abnormalities have all been used as predictors. It is 
important to understand that these values cannot be seen as independent to the 
standardization of postnatal care and experience of the treatment team. After years 
of compassionate use of fetoscopic endoluminal tracheal occlusion (FETO), to date 
the tracheal occlusion to accelerate lung growth (TOTAL) trial is on its way in both 
severe and moderate forms of prenatally diagnosed CDH guided by three European 
centers (Leuven, Belgium; London, UK; and Barcelona, Spain). 

The results of this trial will determine the ultimate position of antenatal tracheal 
plugging in selected patients with prenatally diagnosed CDH. The results are expec-
ted in the next 2 years.

6.2.5 Treatment

Following the ongoing data collection within the framework of the CDH, an 
international debate was started about optimal ventilatory support in newborns with 
CDH in need of artificial ventilation. In many institutions, high frequency oscillation 
(HFO) was used as a rescue therapy in case of ongoing high levels of arterial PCO2 
which resulted in severe selection bias and the use of this treatment modality by 
unexperienced hands as a last resort. To answer the question about the optimal 
ventilatory approach in CDH, the so-called VICI-trial was conducted in prenatally 
diagnosed CDH patients, which revealed the superiority of conventional ventilation 
[13]. Against the background of international consensus on all treatment modalities 
in CDH, the results of this kind of investigations are of value and should be considered 
as a prerequisite of treatment results. 

Long-term follow-up is equally important to evaluate the result of neonatal 
interventions with special attention to pulmonary, gastrointestinal and 
neurodevelopmental outcome parameters [16]. Evaluation of the presence of an 
increased pulmonary vascular tone by cardiac ultrasound is one of the contemporary 
hallmarks of therapy. Together with the evaluation of the presence of structural 
cardiac anomalies, the condition of the right ventricle is an important target of 
medical intervention for pulmonary vascular tone. In contrast to the positive effects 
of inhaled NO in preterms with pulmonary hypertension, the effects of inhaled NO in 
CDH newborns is around 30%.

Although no properly designed trials on the use of any vasoactive drug to 
modulate the pulmonary vascular tone have been conducted, most institutions 
use a combination of enhancing the systematic blood pressure by vasoactive drugs 
according to local habits in combination with inhaled NO. The medical therapy 
should be based on translational knowledge of the different pathways of endothe-
lial smooth muscle cell interaction [17]. As part of the standard postnatal therapy, 
the ultimate aim is not to reach preductal situations of 100% in the absence of 
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any R-L shunt because this will seriously damage the lungs due to increased shear 
forces and oxygen toxicity to the vulnerable lungs of CDH patients. In case all treat-
ment modalities fail, extra corporeal membrane oxygenation (ECMO) can be used 
for specific patients and in institutions with a proven track record and enough 
patients on a yearly base. Solid guidelines for early transfer and clear criteria for 
admission to an ECMO center are important aspects of quality of care for the use of 
ECMO in CDH patients. Most institutions will still use VA-ECMO but from a patho-
physiological point of view there are no arguments against the use of VV-ECMO in 
CDH patients as this will “oxygenate” the pulmonary vasculature and eventually 
result in relaxation of the abnormal pulmonary vascular bed. The application of 
ECMO has significantly decreased in many institutions over the years and ranges 
from 15–25% while the overall survival is around 35% post-ECMO according to the 
ELSO registry (2015). 

6.2.6 Surgical therapy

Timing and venue of surgery
A good outcome in pediatric surgery is not only dependent on surgical skills but 
even more on good collaboration between anaesthetists and surgeons. Especially 
for CDH this is particularly important. In the treatment of children born with CDH 
it was long thought that immediate closure of the defect in the diaphragm was the 
most important goal for both specialties. Since the 1980s, however, delayed repair 
of CDH became the accepted method, first allowing the infant to stabilize and obtain 
optimal pulmonary function prior to surgery [17]. Nevertheless, the definition of 
‘stable’ was originally dependent on local expertise. A special sub group in this 
context is formed by premature babies with a CDH. Surgery within 48 hours in these 
infants is associated with a higher risk of intracerebral accidents. This phenomenon 
perhaps also holds true for instable term-born babies. The definition of early surgery 
in stable infants nowadays is still depending on local experiences and protocols and 
varies between 1 to 5 days. Until now there are no multi-center studies focussing on 
this issue [18]. 

In the 1990’s ECMO was incorporated in a strategy of delayed repair of CDH and 
was used for preoperative stabilization in patients who were unresponsive to maximal 
conventional treatment. If ECMO was required for preoperative stabilization, the dia-
phragmatic defect was repaired while the patient was on ECMO. In early experien-
ces with this approach, all patients suffered from bleeding complications, however, 
since the introduction antifibrinolitic therapy with tranexamic acid (TEA) during and 
immediately after CDH repair on ECMO, hemorrhagic complications are significantly 
reduced [19]. Also the therapeutic or prophylactic use of antithrombotic agents such 
as TachoSil and Tissuecol is recommended. Most of the serious cardiopulmonary ins-
table patients in ECMO centers will be placed on ECMO within 24 hours after birth. 
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The timing of closure of the diaphragmatic defect in instable patients on ECMO is still 
being debated, however. Comparing surgery during the ECMO run with surgery after 
the ECMO run, further stabilization may be slightly favorable for the latter approach, 
at least in the CDH registry study [20]. The timing of surgery on ECMO is also being 
debated; either in the first 2 or 3 days on ECMO or at the expected end of the ECMO run. 
The advantage of early surgery is less edema but later surgery provides the opportu-
nity to finish the ECMO run in case of bleeding. 

The optimal venue for surgery is the operating room, which is a team-friendly site 
with enough space and availability of all facilities. However, surgery on these critically ill 
neonates in the intensive care unit does away with the potential risks involved in trans-
port, such as temperature changes, metabolic de-arrangements and line or tube loss.

In addition, resuscitation procedures can be performed in an ideal environment 
and there will be continuity of care by the same physicians. No definitive data are 
available on the risk of infections. 

Several papers have dealt with this issue with regard to various surgical disorders. 
There is only one study including CDH patients only [21]. The results of this study 
showed that patients operated on in the intensive care unit had a worse outcome 
as expressed by postoperative markers of inflammation and length of hospital stay. 
However, looking at the clinical characteristics, it appears that patients operated on 
in the intensive care unit were more severely ill than those operated on in the OR. 
In an attempt to exclude the impact of disease severity on the outcomes, a recent 
study focused on patients with a good postnatal prognosis defined as reaching sta-
bility within the first 72 hours of life [22]. In patients with high-risk CDH but a good 
postnatal outlook, the surgical venue does not have a significant impact on body tem-
perature, infectious complications or respiratory outcomes. 

Open surgical technique
In open surgery the most frequent incision is the subcostal one. It is essential that this 
incision is not too close to the ribs. Also a real transverse incision can be performed, 
which can give a better cosmetic result. Closing of the diaphragm depends on the size 
of the defect. The different phenotypes of CDH are well described by Ackerman [23]. In 
clinical practice and in the CDH registry the defect size is categorized into four groups: 
type A concerns small defects; type B are defects smaller than 50% of the diaphragm; 
type C defects are larger than 50% and type D concerns total agenesis [23]. Primary 
closure is mostly feasible for type A and small type B defects. In general this is per-
formed with interrupted non-absorbable sutures. The larger type B, C and D defects 
need repair with a patch. The ideal patch material has to be strong enough to hold 
the sutures against abdominal pressure, pliable enough to allow natural movements 
and inert enough to prevent adhesions. Furthermore it would be ideal if native tissue 
could be incorporated to account for the rapidly expanding surface area preventing 
chest wall deformation. The most commonly used non-absorbable patch is made of 
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polytetrafluorethylene (PTFE) but this does not allow incorporation of native tissue. 
In many small case studies absorbable patches are used, such as a-cellular porcine 
intestinal submucosa type 1 collagen (Surgisis), a-cellular human cadavaric dermis 
(AlloDerm), a-cellular porcine dermal cross-linked collagen (Permacol) or non-cross-
linked collagen (Straties) [24]. In animal studies the PTFE patches show more recur-
rences, foreign body reactions and rib-deformation than most absorbable patches, 
however the long-term results in these animal models are not yet clear. Clinical data of 
small series with absorbable patches show recurrence rates between 14% and 40% and  
small bowel obstruction rates between 7% and 22%. Furthermore, these studies 
concern a relatively short follow-up while recurrences in the long term can also be 
expected due to impairment of the resulting scar tissue which is left at the place of the 
graft. In summary, none of the currently available patches hold all the ideal charac-
teristics and the absorbable patches so far have not demonstrated clear advantages 
over the most used PTFE patch. The conventional open patch repair is with a patch the 
size of the defect or with an overlapping border of 1 cm circumferentially and sutured 
with interrupted non-absorbable material to the rim of the diaphragm. Significantly 
reduced recurrence rates in open repair are seen when cone-shaped PTFE patches are 
used [25]. The advantages of the cone-shaped patch are an increased abdominal capa-
city and reduction of redundant chest capacity, thereby allowing a normal physiologi-
cal position of the abdominal organs, which in turn prevents gastroesophageal reflux 
(GER) and causes fewer recurrences because of separate fixation of the overlapping 
border of the cone. There are no studies comparing running and interrupted sutures; 
however, most centers use the latter technique. In addition to patch repair for large 
congenital diaphragmatic hernias a split abdominal wall muscle flap is a good alterna-
tive. A retrospective study showed a reduced risk of recurrence [26].

When closing the diaphragm, the intrathoracic abdominal organs have to be 
placed in the abdomen, which is sometimes too small for all these organs, in which 
case the abdominal cavity closing is impossible or results in abdominal compartment 
syndrome. In these cases, a patch is temporarily sutured in the abdominal wall. This 
can be performed with patches from PTFE, silicon or other materials. Normally these 
patches should be removed within a few weeks because of the high rate of infection. 
After this period, in most cases, the abdomen can be closed.

Originally thoracic drains were frequently used. It was important to have no 
suction on these drains, as this could move the mediastinum too much to the ipsilate-
ral side. This can have a devastating effect on the circulatory and ventilatory stability 
of the patients. Today only the use of thoracic drainage is advocated in patients on 
ECMO. 

Minimal access surgery
The traditional surgical management of CDH consists of repair by laparotomy. 
Since the 1990s minimal access surgery (MAS) became more popular in pediatric 
surgery. Therefore, laparoscopic and thoracoscopic repair techniques are being 
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explored more in neonates with CDH. General advantages of MAS include less pain, 
less surgical stress, faster recovery and shorter hospitalization. Thoracoscopy for 
CDH can also bring a potential decrease in the occurrence of subsequent scoliosis, 
chest deformation, shoulder muscle girdle weakness and is associated with shorter 
duration of postoperative ventilation and a lesser need of narcotics. Early studies 
reported higher recurrence rates in the thoracoscopic repair group. This was 
explained by the so-called learning curve. However, more recent studies report 
no decrease of recurrence. Moreover, conversion of thoracoscopic surgery to open 
surgery is often needed (3.4% to 75.0%) because of surgical technical and ventilation 
problems. With respect to general complications, there is no significant difference 
between the approaches in the literature. In one study the mortality in the open 
repair group was higher due to these patients’ worse condition. Those patients have 
more need of cardiovascular and pulmonary support and often have a larger defect 
with the liver protruding into the thorax. All previous studies are retrospective and 
non-randomized. So the two types of surgery can still not be validly compared [27].

Several articles describe selection criteria for thoracoscopic repair. The 
cardiovascular criteria are almost the same in these overviews, i.e. no clinical signs of 
persistent pulmonary hypertension, no need for inhaled nitric oxide during surgery 
and no need for ECMO. They all agree that the patient has to be respiratory stable, 
but the definition of respiratory stable differs for PIP, PEEP, FiO2 and the saturation 
of peripheral oxygen (SpO2). The ventilation criteria of the recommendations 
of the CDH consortium are a PEEP of 2 to 5 cm and in addition FiO2 < 50% with 
SpO2 between 85%–95%, so that both open and thoracoscopic repair are possible. 
These recommendations are based on non-analytic studies, case reports or expert 
opinions. The artificial pneumothorax needed for thoracoscopic surgery creates 
acidosis due to hypercapnia by CO2 insufflation. This, in combination with higher 
intra-abdominal pressure, is believed to be related to deficient microcirculation. 
Nevertheless, patients with hypercapnia showed global hyperperfusion of the 
cerebral blood flow. 

Bishay et al. recently proved severe arterial blood gas changes during thoraco-
scopic repair of CDH, but this finding was based on only five patients [28]. We also 
showed significant differences in pH and pCO2 values before and after thoracoscopic 
repair. However, these differences were small and have no clinical relevance. Due to 
the acidosis and hypercapnia, high frequency oscillation ventilation during neonatal 
thoracoscopic repair has gained attention in recent years. Mortellaro et al. showed 
that this allowed good intraoperative exposure in correction of esophageal atresia 
and CDH, while allowing excellent oxygenation and elimination of carbon dioxide to 
prevent acidosis [29]. 

The long-term consequences of hypercapnia and acidosis during surgery are still 
unknown. 

Because of the possible detrimental effect in CDH patients of thoracoscopic repair, 
in several centers this is only done when the patient is cardiovascular and pulmonary 
stable. Still, if it appears that a patch is needed the technique must be converted to 
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open surgery. The patient who does not fulfill the above criteria will undergo open 
repair from the start. 

Other surgeries
The most common surgeries after recovering from the diaphragmatic hernia are 
fundoplications and gastrostomies. A high percentage of these patients have 
feeding problems which frequently require an open or laparoscopic gastrostomy. 
Also GER is seen in a high percentage of these patients, which leads to the need of a 
fundoplication [30]. 

6.2.7 Long-term follow-up

As increasing numbers of neonates with CDH survive, attention should be directed 
to possibly persisting morbidity. Initially, most studies that had been published were 
cross-sectional and in small study populations and focusing on pulmonary or gastro-
intestinal morbidity. The past few years have seen a shift towards long-term multidis-
ciplinary evaluations. 

Respiratory morbidity
Despite the fact that severe respiratory failure with fulminant persistent pulmonary 
hypertension and the need for ECMO occurs in the neonatal period, airflow 
obstruction in survivors of school and adolescent age is usually mild [31, 32]. However, 
most studies were performed several decades ago and selection bias of the survivors 
may play a role as children with the most severe lung hypoplasia died. Longitudinal 
data in a cohort of ECMO-treated CDH patients showed that lung function seems to 
deteriorate over time as the children get older: mean (SE) z-score FEV1 decreased from 
˗0.71(0.40) at 5 years to ˗2.73(0.61) at 12 years [33]. Airflow obstruction may occur from 
airway hypoplasia and fibrotic changes following lung damage caused by artificial 
ventilation and hyperoxia. Measured lung volumes are usually within normal limits. 
Most likely, the hypoplasia has been compensated for by alveolar distension and, 
consequently, hyperinflation. Therefore, the question arises whether measurement 
of lung function adequately reflects lung morphology. However, data on lung 
morphology are scarce and usually limited to postmortem findings. Recently, a new 
imaging technique has become available and the results of this technique in adult 
CDH survivors have been published: The use of hyperpolarized helium inhalation as 
contrast agent during magnetic resonance imaging (MRI) of the lungs provides the 
opportunity for non-invasive measurements of alveolar dimensions and evaluation of 
the homogeneity of ventilation (Fig. 6.2.1) [34].

Several cross-sectional studies on maximal exercise endurance at school age 
and adulthood are published: It is usually normal or decreased in comparison to 
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Fig. 6.2.1: Hyperpolarized 3He MR images of an 18-year-old CDH patient, treated with neonatal 
ECMO; (top row) ventilation-weighted images demonstrating multiple ventilation defects and 
(bottom row) maps of 3He apparent diffusion coefficient (ADC) showing elevated ADC in the 
ipsilateral lung compared to the contralateral lung consistent with enlargement of mean dimensions 
of the confining lung micro-structure at the alveolar level. (Images provided by Helen Marshall and 
Jim Wild, POLARIS, Academic Radiology, University of Sheffield, UK).

healthy peers depending on the clinical characteristics of the study population and 
the reference data that have been applied [32, 35–37]. In a longitudinal study in CDH-
patients treated with neonatal ECMO aged 5 to 12 years, maximal exercise endurance 
deteriorated significantly over time, the mean (SE) z-score maximal endurance time 
decreased from ˗0.53(0.33) at 5 years to ˗2.23(0.52) at 12 years [38]. It is not clear why 
exercise capacity decreases over time. No correlation between airflow obstruction 
and maximal exercise endurance has been observed. However, ventilation-perfusion 
mismatch, which has been described in CDH patients and gets worse when the 
children get older, may have a role in the deterioration of exercise capacity [39]. It 
is unknown whether pulmonary hypertension contributes to the deterioration of 
exercise capacity.

Respiratory tract infections (RTI) frequently occur within the first years of life of 
CDH patients but may persist into adulthood [40]. Immunization to prevent respiratory 
syncytial viral infections within the first year, the use of prophylactic antibiotic 
therapy and influenza vaccinations may be important to reduce the frequency and 
severity of RTI. Recurrent RTI affect oral intake and physical growth and may lead 
to impairment of physical activity in the first years of life and beyond. This – in its  
turn – may reduce the opportunities to practice gross motor skills and hence lead to 
less physical activity.

Taking into account that more children with more severe lung hypoplasia nowa-
days survive long term follow-up and care even into adulthood is warranted, aiming 
at prevention of inhalation of toxic agents (smoking habits, exposure during practice 
of a profession), recurrent RTI, and physical inactivity.
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Gastrointestinal morbidity and physical growth
Children with CDH are at risk for GER, feeding difficulties and growth failure. Patch 
repair and intrathoracic liver position have been described as predictors for GER [41]. 
In childhood prevalences of GER, up to 85% have been described in the literature, 
whereas symptoms are reported less frequently. This suggests that CDH patients have 
an altered perception of GER symptoms and may be at risk for development of (Bar-
rett’s) esophagitis. The question is of active screening for GER and endoscopic sur-
veillance is warranted for this patient group. Further studies evaluating GER at older 
ages in CDH patients may be needed. ECMO-treated CDH patients have more severe 
growth failure than non-ECMO treated patients. This may be due to the more severe 
lung hypoplasia rather than the ECMO treatment itself. As impaired growth in CDH 
persists in childhood (Fig. 6.2.2) long-term follow-up – starting within the first months 
of life – with standardized nutritional assessment and intervention aiming at dietary 
management and oral intake is important.
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Fig. 6.2.2: Mean (95% confidence interval) SDS height corrected for parental height within  
first 8 years of life. Closed symbols represent CDH patients without ECMO treatment; open  
symbols represent ECMO-treated CDH patients.

Sensorineural hearing loss
Sensorineural hearing loss (SNHL) is another physical problem that has been repor-
ted in CDH survivors. Its prevalence varies among different studies, and risk factors 
seem to be related to neonatal intensive care treatment such as acidosis and use of 
aminoglycosides, neuromuscular blocking agents and loop diuretics rather than the 
underlying congenital anomaly itself [42].

Neurodevelopmental outcomes
The burden that affects quality of life and participation in society which arises from 
neurodevelopmental morbidity has hardly been recognized in CDH patients up till 
now since evaluation of neurodevelopmental outcome usually stops at school age or 
even earlier.

When evaluating the results of different studies on neurodevelopmental outcome 
we have to realize that standardized assessments cannot be performed in children with 
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severe disabilities. Data on motor function performance in CDH patients is scarce, but 
problems in this domain occur in approximately 40% of children at preschool age and 
20%–30% at school age. In general, ECMO-treated CDH patients show worse motor 
performance. Most problems are seen with gross motor function  [43]. From infancy 
up till school age normal scores for cognition have been reported in several studies in 
CDH survivors. Despite an overall average cognition, however, many children (up to 
50%) have problems keeping up with the regular education program and have special 
educational needs. The ECMO-treated CDH patients are more at risk for impaired 
intelligence than those who don’t need ECMO [44]. The first data on neuropsychological 
outcomes in CDH revealed that at school age children have problems with information-
processing speed and sustained attention and concentration [45]. The question arises 
whether these patients – and especially the most critically ill neonates who needed 
ECMO-treatment – are at risk for neuropsychological problems due to impaired 
development of executive functioning skills, which are developed in early childhood 
and continue development into young adulthood. These skills are needed to develop 
academic, behavioral and social functioning and to prepare for successful daily 
functioning (e.g. starting a  career). Poor executive functioning skills may cause 
problems with functioning in a complex and demanding environment.

6.2.8 Implications and future perspectives

During the past decade survival has increased due to the introduction of standar-
dized treatment protocols and advanced techniques in surgery and intensive care. 
Therefore, more children that otherwise would have died survive. The current popu-
lation of adult CDH patients was treated in another era and it can be assumed that 
they have less severe lung hypoplasia. However, they were ventilated with less 
sophisticated equipment with high ventilatory pressures and high oxygen levels 
possibly resulting in more iatrogenic lung damage. Therefore, it is hard to predict 
whether microstructural morphological changes seen in the lungs of adult CDH pati-
ents will be representative of long-term respiratory morbidity in CDH survivors of 
today. We have to realize that standardized lung function tests provide us with indi-
rect information on pulmonary function but not on lung structure. Future care and 
studies on long-term respiratory morbidity should aim at longitudinal assessments 
of lung function, lung imaging, exercise endurance and cardiac function. Impaired 
gross motor function may lead to physical inactivity and diminished exercise tole-
rance. An active lifestyle should be advocated with additional support to stimulate 
motor function if needed. Chronic malnutrition due to diminished intake or an incre-
ased energy expenditure will lead to growth failure and lethargy, which may – in its 
turn – also lead to physical inactivity and learning problems. At present, it is not 
clear which factors contribute to long-term neuropsychological morbidity but pro-
longed hospital stay, multiple surgeries and prolonged exposure to (toxic) sedatives 
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and analgesic drugs may have a role. Multicenter studies in centers using similar 
treatment protocols and standardized follow-up programs are needed to create large 
enough sample sizes to study determinants of long-term morbidities in CDH. 

Anne Schneider, Francesca Borruto and Francois Becmeur

6.3 Eventration

6.3.1 Introduction – definition

CDE is a serious and rare condition representing about 5% of all diaphragmatic 
defects [46]. It consists of a diaphragmatic outpouching allowing the displace-
ment of the abdominal organs into the thorax due to a focal defective muscula-
ture, resulting in a partial elevation of a hemidiaphragm with lung compression. 
The consequences for the development of the fetal lungs are similar to CDH, but 
CDE presents a better prognosis. Focal lesions are more frequent, affecting the 
right hemidiaphragm (65%–70%), but a whole hemidiaphragm (42%) or even 
both sides may be involved [46–48].

6.3.2 Etiology, physiopathology

Congenital or “true diaphragmatic eventration” derives from an anomaly during the 
formation of the pleuroperitoneal membrane at 8–10 weeks of gestation with focal 
thinning and loss of normal musculature of the diaphragm, which is replaced by 
a tissue composed of diffuse fibroelastic changes and a paucity of muscle fibers 
[46–48]. The etiology of CDE is unknown, though infectious causes, such as cytome-
galovirus or rubella, have been implicated, while no known familial predisposition 
is demonstrated [49]. Acquired CDE can derivate from birth trauma, cardiac surgery, 
central line placement or any injury occurring to the phrenic nerve [50]. Those pati-
ents have a normal amount of muscle fiber, but not correctly working [48].

6.3.3 Clinical presentation

Congenital
Most CDE are diagnosed in early childhood (75% within 1 year) with a peak at age 0–3 
months [47]. Early clinical manifestations are not obvious and nonspecific and some 
children can be asymptomatic, especially if they have a focal CDE (51% in a large series 
of 177 pediatric cases) [47]. The main symptoms derive from the compression of the lower 
lobe of the lung as result of the elevated intra-abdominal organs. It involves the loss of 
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the chest wall compliance and the mismatch of the ventilation/perfusion [48]. These 
factors provide recurrent respiratory infections, persistent cough or expectoration, 
dyspnea, vascular dysfunction and cardiac symptoms (tachycardia or arrhythmia, 
cyanosis). Mild gastrointestinal disorders such as nausea and vomiting or anorexia may 
also be associated [47]. Most rarely thorax deformity (rib deformity or pectus excavatum) 
may be noted.

Late presentation
Less often CDE can be detected in a late diagnosis (about 23% of patients after 1 year, 
and less than 5% after 3 years), which concerns mainly asymptomatic patient [46–48]. 
The majority present with an elevated hemidiaphragm discovered incidentally on a 
chest X-ray.

6.3.4 Paraclinical investigation

The thoracic prenatal MRI provides a prenatal diagnosis and detects any associated 
malformations. Chest X-ray (standard full-inspiration posteroanterior and lateral 
chest roentgenogram) shows the elevated hemidiaphragm. Pulmonary scintigraphy 
can highlight the entity of the hypoperfusion and the hypoventilation of the lung: 
the vital capacity and total lung capacity are reduced by 20% to 30% in CDE [47].  
Pulmonary function tests can be used to monitor changes over time [48].

6.3.5 Treatment

Indication
Surgery is indicated only for symptomatic patients. Indications for surgery include 
rapid breathing without improvement under a conservative treatment, two or more 
recurrent ipsilateral pneumonias, one life-threatening pneumonia, inability to wean 
from mechanical ventilation or respiratory distress related to paradoxical motion of 
the diaphragm [47]. In case of asymptomatic patients and CDE incidentally detected 
there is still an open debate in the literature; the exuberant diaphragm may impair 
lung development. The current trend is that there is no indication for plication if the 
patient remains fully asymptomatic. But irreversible parenchyma impairment should 
be considered also in asymptomatic patients. Surgery allows re-expanding of the ate-
lectatic lung, improvement in respiratory and digestive symptoms and improvement 
in the quality of life within 1 month if a thoracotomy or laparotomy approach is per-
formed [47]. However ventilatory function is less impaired after a thoracoscopy than 
a thoracotomy so that the postoperative pulmonary function improvement is quite 
immediate [51].
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Techniques
The principle of the operation is to manage to decrease the surface of the redun-
dant diaphragm by plicating it to an acceptable normal level. In this way the repair 
improves the movement of the diaphragm during respiration and achieves physiolo-
gic pulmonary function. Care should be taken to protect the phrenic nerve.

Posterolateral thoracotomy: is the traditional approach. In a lateral decubitus posi-
tion with the affected side up, using contralateral single lung ventilation. A variety of 
techniques have been described for the suture: U-stitches, mattress sutures, running 
sutures and stapling devices [48].

Laparotomy: interesting for left CDE and access to both sides of the diaphragm with 
a single incision [48].

Nowadays minimally invasive approaches are replacing open surgery in many areas 
of pediatric surgery. CDE laparoscopy and thoracoscopy avoid the morbidity associ-
ated with open procedures, such as thoracic dystrophy and scoliosis, and result in 
decreased pain, shorter length of stay and quicker return to normal activity [50].

Laparoscopy: provides more room for manipulation and an appropriate view of the 
branches of the phrenic nerve. Laparoscopy can be very useful if a thoracoscopic 
approach is impossible because of intrathoracic adhesions after cardiac surgery or in 
case of technical problems with single-lung ventilation [51].

The patient’s position is supine, with the surgeon positioned between the legs. 
Three ports are used. The pneumoperitoneum pressure is at 8–10 mmHg [49]. The 
“invaginating the diaphragmatic dome” technique is performed by folding both 
sides of the weak areas of the diaphragm to the middle area and making interrupted 
nonabsorbable sutures. So the diaphragmatic dome is invaginated. The “pleating” 
technique consists of pleating little by little the redundant diaphragm like an accor-
dion [49].

Thoracoscopy: can also benefit from a minithoracotomy (video-assisted thoracic 
surgery).

The child is placed in a lateral decubitus position with the surgeon in front of the 
child, and the screen behind (Fig. 6.3.1). The patient may be positioned head up to 
displace the intraabdominal organs downward for a better view and easy manipula-
tion of the diaphragm. For young children, a block lying under the chest, opening the 
opposite intercostals spaces can be a good option. Unlike the adult surgery selective 
ventilation is not used: a gentle intrapleural CO2 insufflation (4–6 mmHg) is applied 
to achieve the collapse of the lung. The optical port is placed just caudal to the tip of 
the scapula. Two operative ports are located under vision in the same intercostals 
space (fourth) anterior and posterior to the initial port (Fig. 6.3.2). A fourth port is 
sometimes necessary for pushing down the redundant diaphragm. Eventration is pro-
gressively reducted with two endoscopic graspers. The redundant diaphragm must be 

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



6.3 Eventration   175

pulled and rolled with endoforceps and kept drawn tight when suturing it (Fig. 6.3.3). 
It is plicated with interrupted sutures using extracorporeal knots, or with a running 
suture (various nonabsorbable sutures) [51]. One of the advantages of this approach 

is the best view of the branches of the phrenic nerve, useful for example in case of a 
right eventration where the liver is an obstacle for laparoscopic plication [51].

Several plication techniques can be used and a review of the literature is presen-
ted in Tab. 6.3.1.

Fig. 6.3.1: Thoracoscopic approach. Patient in 
a lateral decubitus position, with the screen 
behind.

Fig. 6.3.2: Thoracoscopic approach. Port’s 
position.
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Tab. 6.3.1: Thoracoscopic approach for diaphragmatic eventration: review of the literature.

Patients (n) Median age
(months)

Operating time (min) Conversion

Becmeur, 2005 [51] 10 17.0 (6.0–41.0) ? 20%

Borruto, 2014 [52] 8 19.2 (6.0–84.0) 60.5 (40.0–85.0) 13%

Hu, 2014 [49] 8 12.7 (2.0–36.0) “reefing the  
mainsail”

121.2 ± 33.6 0

10 “invaginating  
the dome”

112.2 ± 25.2

9 “pleating” 90.6 ± 20.4

Snyder, 2014 [50] 9 3.0 (0.2–13.2) 60.0 (50.0–84.0) 0

Kozlov, 2015 [53] 17 1.1 ± 0.6 51.8 ± 8.1 0

–– Plication with interrupted sutures or a running suture: the excessive diaphragma-
tic remnant is left in place and not resected (Fig. 6.3.4)

Fig. 6.3.3: Thoracoscopic approach: plication 
technique. Rolling the redundant diaphragm.

Fig. 6.3.4: Thoracoscopic approach: Port’s position. 
Plication with interrupted nonabsorbable sutures.
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Fig. 6.3.5: Thoracoscopic approach: resection/
suturing of the excessive diaphragm with 
the use of an endostapler. Suspension of the 
diaphragmatic dome.

Fig. 6.3.6: Thoracoscopic approach: resection/
suturing of the excessive diaphragm with 
the use of an endostapler. Final view of the 
remaining diaphragm.

–– Resection/suturing of the excessive diaphragm with the use of an endostapler 
(Fig. 6.3.5–Fig. 6.3.7). To help exposure of the excessive diaphragmatic dome, it 
requires suspension to the thoracic wall by two stitches, which can avoid use of an 
additional port or mini-thoracotomy. It is quite easy to perform by thoracoscopy, 
even in small children. But resection of the diaphragm is a risky procedure and 
should not be generally recommended (risk of intrathoracic evisceration); this 
technique should be reserved for cases of excessive redundancy of the diaphragm, 
avoiding however the creation of excessive tensions and assuring the procedure 
by an additional running suture [52].

–– Diaphragmatic plication using a spinal needle: an 18-gauge spinal needle is 
passed through the chest wall into the pleural space. The diaphragm is plicated 
over the needle and a non-absorbable suture is passed through the needle and 
tied extracorporeally. The needle is passed repeatedly until the desired degree of 
tension is achieved. Intracorporeal suturing, which can be technically difficult in 
small neonates, is avoided [49].

–– “Reefing the mainsail” technique: the top of the diaphragm is folded to the 
opposite side and strengthened with layers of the musculus diaphragm using 
interrupted nonabsorbable sutures; the “invaginating the diaphragmatic dome” 
technique and the “pleating” technique can also be used [48].
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An open controversy concerns the use of a thoracic drain. Some authors assert that a 
gentle suction can be sufficient to re-expand the lung and remove residual air in the 
pleural space [51]. Surely it can reduce postoperative pain.

Complications for all approaches
In a recent study, Kozlov et al. affirmed that early postoperative complications are 
more frequent in the open approach (16.7% vs. 0% in the thoracoscopic group) 
[53]. The complications related to the surgical treatment of CDE include:

–– Recurrence: Few data are available about recurrences in pediatric population. 
Only one study reported two recurrences (13%) occurring at 10 and 3 months 
postoperatively using the endostapler resection technique [52]. Some authors 
argue that interrupted sutures may better prevent recurrence than running 
sutures; but there is no evidence for it [49, 51]. One study compared a thoracotomy 
vs. thoracoscopic approach for eventration in the first 3 months of life: two 
recurrences (11%) occurred in the first group vs. no recurrence in the thoracoscopic 
group (but result not significant) [53].

Fig. 6.3.7: Thoracoscopic approach: resection/suturing of the excessive diaphragm with the use of an 
endostapler. Postoperative chest X-ray showing the stapler line.
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–– Pneumonia 6% [47],
–– Pleural effusions 15% [47],
–– Pneumothorax (0–22%) [49–50, 53],
–– Gastroesophageal reflux (17%) [53].

Redo-procedures
A redo-procedure with a thoracoscopic approach, consisting of the resection/suture 
of the redundant diaphragm by an endostapler 10 months after thoracoscopic pli-
cature, have been successful performed but there is not enough experience in the 
literature to confirm the technique as replicable [7].

6.3.6 Follow-up

A Chest X-ray and a clinical evaluation at 1, 6 and 12 months is recommended as fol-
low-up [52–53].

There is little information about the long-term durability of eventration repair in 
children and adults: it can be hypothesized that there is some degree of recurrent 
diaphragmatic laxity over time [50]. In adult populations long-term follow-up data 
suggest that thoracoscopic diaphragmatic plication may be as effective as an open 
approach [48].
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7.1 Introduction

Everything started in 1998 when Donald Nuss presented his 10-year experience of  
the minimally invasive repair of pectus excavatum. Over the years, his innovative 
technique rapidly gained attention and, today, it has become the standard procedure 
for treating patients with this condition. In this chapter, Hans Pilegaard describes 
the original procedure, its modifications and refinements, while Hyung J. Park, 
Robert E. Kelly and Donald Nuss, Dawn E. Jaroszewski and Jean-Marie Wihlm  
high-light several supplemental aspects of the surgery.

Horatio Abramson was the first person to transfer the principle of the Nuss 
procedure inversely to pectus carinatum, while Francis Robicsek still advocates 
for open repair. They comment on the chapter about pectus carinatum, contributed 
by Caroline Fortmann and Claus Petersen, who also describe the conservative 
bracing. Herein Marcelo Martínez Ferro offers his views on this approach. Due to 
the different anatomical and physical patterns of the growing skeletal system, tho-
racic trauma in the pediatric population differs significantly from that observed in 
adults, as reported by Haiko K. Jahn and Sebastian van As. Finally, the chapter con-
cludes with Claus Petersen and Frederic Lavrand’s discussion of other and rare 
deformities of the thoracic wall. In 2009, pediatric and thoracic surgeons founded 
the Chest Wall International group (CWIG). For further information, please click at 
www.chestwall.org.

Hans Pilegaard

7.2 Pectus excavatum

Pectus excavatum (PE), funnel chest or sunken chest is the most frequent congenital 
anomaly of the anterior chest wall. It represents approximately 90% of these. It is 
more common in males compared to females with a ratio 4–6: 1. The incidence is 1 in 
300–400 live-born males. It might be discovered in the first living year in around 80% 
but in some cases it is first seen at the beginning of puberty. A family history is present 
in 40%. Scoliosis is seen in about 20%. There is also a higher rate of PE in some con-
nective tissue disorders as Marfan and Ehlers-Danlos syndromes. 

Leonardo da Vinci was the first to depict it and the first description of PE 
was provided by Bauhinus in 1594. The first attempt to correct it was made by the 
German surgeon Ludwig Meyer in 1911. The modern era of correction started after 
1949 where Ravitch from the US published his first paper [1]. This was an open tech-
nique with resection of ribs and cartilages. The technique was later modified with 
smaller incisions, preserving the perichondrium and introduction of supporting 
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material under the sternum to retain the position. This technique was the gold 
standard until Nuss published his technique of minimal invasive repair in 1998 [2]. 
Other methods have also been used such as reversing the sternum and treatment 
with braces.

7.2.1 Indication

For many years it was thought that PE was only a cosmetic problem for the patients 
and the cosmetic complains are stated an indication in around 90% of the publis-
hed papers in this field. Several papers studying the quality of life in patients with 
PE have shown a significantly better quality of life after correction, exhibiting higher 
self-esteem. More of these studies have also shown that patients after treatment feel 
that they have a better physical performance. More than 60% have symptoms like 
exercise intolerance, lack of endurance and shortness of breath [3]. 

It is obvious from CT-scans that the heart is moved more to the left in PE patients 
because of the pressure from the sternum and it is also seen in many patients that 
the right side of the heart is compressed. This does not influence the cardiac perfor-
mance at rest but restricts the filling of the heart under physical activity. The cardiac 
performance is found to be reduced about 20% in adolescent age 14–17 years with a 
PE, but after treatment it becomes equal to normal controls [4]. In adults it has been 
shown that cardiac performance is significantly raised after correction by the modi-
fied Ravitch.

In most cases patients with PE have normal lung function but in the lower area. 
The reduced lung function has a restrictive picture. Studies have shown decreased 
movement of the chest in PE patients, which improves after correction.

Some surgeons use the Haller index as an indication. The Haller index is the ratio 
between the internal diameter of the chest at the level of the deepest point of the exca-
vation and the distance from the backside of the sternum to the anterior part of the 
spine. If this is >3, 25, there might be indication for treatment. The index is dependent 
on the chest shape, because the same excavation seen from outside may give different 
indexes depending on if the chest is barrel-shaped or more flat.

There is no evidence for the optimal age for performing the procedure. In the 
eastern part of the world surgeons often correct patients in the age group 2–6 years. 
It is difficult to understand that such young children are complaining about the 
cosmetic and they do probably not have any symptoms. Nuss has seen that there 
is a trend to see more recurrences if the bar is removed before puberty, when the 
growth spurt starts. I would not treat a patient younger than the age of 11 years. It is 
important that the child understand what is going on and what one might expect in 
terms of postoperative pain following the correction. My optimal age is 11–13 years, 
but many girls are even older so they have had a demarcation of the breasts which 
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allows placement of the incisions in the groove between the breast and the chest wall. 
The upper limit for doing the Nuss procedure is not defined. When the procedure 
was published it was said that only children and adolescents were candidates for this 
treatment, but with growing experience even patients older than 60 years have been 
corrected with good results and few complications.

7.2.2 Preoperative evaluation

Patients are seen for a clinical examination. An X-ray of the chest in the AP, and the 
lateral view is often sufficient. You may from this X-ray calculate a Haller index if you 
want, even it is not as exact as from a CT-scan. Doing only an X-ray also reduces the 
radiation to the patient. If there is a clinical suspicion to comorbidity in the chest it 
is necessary to perform a CT-scan of the chest. If Marfan syndrome is suspected, an 
echocardiography must also be ordered.

The patient should be informed about the expected result, which is that the exca-
vated area will disappear. However, if flaired ribs are present, they will remain.

7.2.3 Technique

The original technique prescribed a bar extending from one mid-axillary line to the 
other. It is difficult to understand why the bar should be so long. The ends of the bar 
would only be parallel to the lateral chest wall and therefore not deliver any force 
from the pressure of the sternum. Placing the stabilizer(s) at the end(s) would not 
secure the bar against rotation. 

Today more surgeons are using a shorter bar as proposed by Pilegaard [5]. A 
short bar is easier to place. The median length of bars is in 840 corrected patients 
10”. The bar may be guided in a better way through the chest and is also easier to 
remove. The stabilizer can be placed very close to the hinge point which gives a very 
stable situation, so you do not need additional sutures around the bar and the rib.

How many bars are needed in the patient is dependent on the depth of the exca-
vation and the age of the patient. If you are in doubt of the numbers of bars needed 
to correct the patient it might often be better to insert two bars instead of only one to 
have the best correction. Two bars may in many cases be inserted through the same 
incisions especially in females, where the skin of the breasts is often more moveable. 
More bars will probably decrease the pain because they will deliver the pressure to a 
larger surface. In very few cases three bars may even be needed to get a good correction  
(Tab. 7.2.1).

One bar should normally support the deepest point. If the PE is very long, like 
a grand canyon type, a bar is often placed at the level of the nipples. In such a case 
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a periareolar incision around the nipple on the left side makes it easier to put the 
stabilizer on. If the PE is very low and the deepest point is below the sternum you 
should use two bars where the upper one supports the sternum and the lower one 
is under the deepest point. The deepest point is sometimes between two levels of 
intercostal spaces. Here it might be a good idea to use an oblique bar (Fig. 7.2.1). 
If the excavation is very deep it is a good idea to place the first introducer higher 
than the deepest point as this will work like a crane and facilitate going under the 
deepest point with the next introducer. Different types of crane systems might also 
be used.

The procedure is done under general anesthesia. All patients should in my 
opinion have an epidural catheter for postoperative pain treatment. This stays for two 

Tab. 7.2.1: Number of bars in 840 patients.

Number of bars Age <18 years 18 years ≤ Age < 30 years Age ≥ 30 years

1 75% 59% 20%

2 25% 40% 69%

3 1% 11%

days. The patient is intubated with a single lumen tube, and only if you expect pro-
blems inside the chest cavity because of previous intervention or infections do you 
need a double lumen tube. You may use CO2 gas to get a better view in the chest cavity, 
but it is often not necessary in my experience. The patient is located to the right on 
the table with the arm in front of the head (Fig. 7.2.2). The thoracoscope is inserted 
through the right lateral chest wall at the level of the nipple (Fig. 7.2.3). This gives you 
free movement of the scope and no problems with a very low bar.

Fig. 7.2.1: The X-ray shows an oblique bar.
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The deepest point is identified, and the intercostal spaces related to this are marked 
just medially to the highest point (Fig. 7.2.4). You may check this by putting a finger 
where you have marked and push, you can then see through the scope if it is at the 
correct point related to the deepest point. A template is shaped to the desired shape of 
the chest and even with some overcorrection (Fig. 7.2.5), because the bar will flatten in 
some way by the pressure from the elevated sternum (Fig. 7.2.6). 

Fig. 7.2.2: The position of the patient on the 
table.

Fig. 7.2.3: The level of the insertion of the scope.

Fig. 7.2.4: Marking of the spots where the bar 
passes in and out of the chest.
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The bar is bent in the same way. The tunnel under the sternum is normally done by 
one of the introducers and the large one will in most cases be the one you should 
use. If there previously has been surgery inside the chest cavity and adhesions are 
found, they should all be cut and the tunnel created by blunt dissection using a long 
instrument with a peanut. If it is a long excavation and two bars are needed, it is often 
advantageous to place both the introducers at first and then replace one after the 
other with a bar (Fig. 7.2.7).

Fig. 7.2.5: Overcorrection of the bar.

(a) (b)

Fig. 7.2.6: Flattening of a bar after ten minutes in the body.

Fig. 7.2.7: Two introducers in the patient.

The bar is guided by a tape or a suture under the sternum and inserted like a U 
and turned 180°. Generally the stabilizer is located on the left side. The bar is 
placed asymmetrically on the chest, so the end with no stabilizer has a base of 
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two ribs (Fig. 7.2.8). No additional sutures are necessary. The position of the stabi-
lizer to the left might be a good idea to avoid compression of the heart if the end 
of the bar without a stabilizer should drop into the chest.

(a) (b)

The air inside the chest is exsufflated by a thin tube through the port to the scope and 
then the tube is removed.

The patient receives antibiotics intravenously for 3 days.

7.2.4 Postoperative care and follow up

The patient is mobilized at once after surgery and 80% can be discharged from the 
hospital on the second day.

In the first 6 weeks after correction there are some restrictions. The patient is not 
allowed to carry more than 2 kg in front of the body and 5 kg on the back. The patient 
is not allowed to bike or drive a car and should avoid tvisting the upper body and 
sleep on the back.

Pain medication is continued for 4–5 weeks and consists of morphine for 10–14 
days, ibuprofene for 3–4 weeks and paracetamole for 4–5 weeks.

The patient is checked after 6 weeks with a chest X-ray and clinical control and 
starts then with exercises from a physiotherapist, running, swimming and biking and 
gradually increases the level of activity until 12 weeks postoperatively. At that time the 
patient should be back at the preoperative level.

As long as the bar(s) is in situ heavy contact sport should be avoided. This means 
ice hockey, rugby, American football and self-defense disciplines.

The bar(s) is generally removed after 3 years.

Fig. 7.2.8: Asymmetric position of the bars.
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7.2.5 Complications

The complication rate should be low. The infection rate is about 1%–2%. The risk of 
bleeding is <1%. The rate of rotation or dislocation is approximately 1% (Tab. 7.2.2). 
Doing this kind of surgery you need to be able to open the chest by a sternotomy if 
lesions to the heart develop and there should be access to cardiac surgeons who can 
help if such a complication should occur. The number of procedures which is needed 
to keep the complication rate low and have good results are not known, but two to 
four cases a month might be an acceptable number.

Tab. 7.2.2: Complications in 840 patients.

N

Bar rotation 10

Dislocation 2

Fractura sterni 1

Evolving of PC 3

Deep infection 1

Pneumonia 2

Removal of stabilizer – pain 5

Sternotomi 1

One more bar 3

Removal before time – pain 3

Pneumothorax 1

Additional drain 2

Even you exsufflate the air after surgery you will see that about 50% have a small 
pneumothorax. It is generally not necessary to treat this because it will be absorbed 
in few days. Even if the pneumothorax is larger, observation might be sufficient if the 
patient has no symptoms.

7.2.6 Removal of the bar(s)

This is done 3 years after insertion as an outpatient surgery procedure in most 
cases. The patient comes to the hospital in the morning prepared for general 
anesthesia. The bar is removed and the patient may be discharged later in the day 
without further control [6].

The recurrence rate is low, around 1%.
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Hyung J. Park

Comment

The surgical treatment for pectus deformity utilizing the pectus bar continues to evolve 
since its first introduction by Donald Nuss in 1997. During the past 15 years, we have 
made tremendous strides in surgical techniques and devices for morphological diver-
sity and different age groups. No matter the technique, it is mandatory to have a good 
remodeling of the entire chest wall, preserve its integrity, as well as patients’ safety. 

There have been four major issues to improve pectus repair. First, how to correct the 
asymmetric deformity to a symmetric one. Second, how to prevent pectus bar displace-
ment. Third, how to make the repair procedure easy and solid for heavy adult chests. 
And last, how to guarantee the safety of the patients, due to its proximity to the heart.

My principles for symmetric repair for asymmetrical types are the morphological 
classification, and the morphology tailored repair technique (Terrain Contour Mat-
ching, TERCOM): asymmetric bar technique, crest compression technique, and the 
press-molding (the sandwich) technique for pectus carinatum [7, 8].

Pectus bar displacement has been overcome mainly by two different approaches: 
the one is the shorter bar technique by Dr. Pilegaard as described in the text, and the 
other is my approach with inventions of new devices to make the bar un-rotatable. 

Dr. Pilegaard’s superb technique using the shorter bar overcomes the issues of 
bar displacement nicely. The principle of the technique is placing the chest wall entry 
points (the hinge points) more medially, at the anterior aspect of the chest wall. The 
stabilizers on the anterior wall make it prop against the wall and thus, prevents the 
bar rotation [9].

His shorter bar technique has a very low bar displacement rate, but not without 
drawbacks. First, the short bar only covers a smaller area of the chest wall to remodel, 
whereas the regular bar can lift the whole anterior chest wall. Second, the shorter 
bar requires the skin incisions at the anterior chest. Third, this technique may not be 
efficient for eccentric asymmetry repair. Fourth, the bar may sink into the chest cavity 
when the hinge points are not supportive.

However, I have tried to resolve this crucial issue without hurting the quality of 
repair and ended up inventing new devices, which was different from the conventio-
nal stabilizer. My devices are devised to fix the bar to the ribs, the strongest structure 
in the chest wall. The claw fixator (Fig. 7.2.9), the hinge plate and the bridge connec-
tion in the parallel bars and the crossed bars (Fig. 7.2.10) covers all different mecha-
nisms of bar dislocations. Consequently, these devices have made the bar displace-
ment rate of “zero,” “Pectus repair without bar dislocations!” The crane system and 
pectoscope have ushered the Pectus surgery into a new era; making the pectus repair 
procedure exceptionally safe and easy [10, 11]. 

In conclusion, Dr. Pilegaard’s technique has shown a high achievement in pectus 
bar security and in setting adult pectus repair on the track. My techniques and devices 
may also contribute to a better outcome for the patients: “Zero” bar dislocations; no 
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devastating complications; more surgeon friendly; and the only technique to repair 
all different asymmetric pectus excavatum and pectus carinatum.

CFT

CFT

R R

CFT

CFT

Fig. 7.2.9: The claw fixators to fix the bar to the ribs. CFT: Claw Fixator.

HP HP

(a) (b)

HP HP

B
B

R R

B
B

Fig. 7.2.10: The hinge plates to prevent intercostal muscle stripping at the hinge points. The bridge 
connection of the two bars in the parallel bar technique (a), and in the crossed bar technique (b).  
B: Bridge; HP: Hinge Plate.

Robert E. Kelly, Donald Nuss

Comment 

Prof. Pilegaard has presented his excellent experience with pectus excavatum. In our 
experience 8% of the patients presented before 5 years, 13% before 10 years, 47% between 
11 and 15 years and 32% thereafter. We also favor doing the repair during the pubertal 
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growth spurt but will do the repair earlier if indicated. We only operate on patients who are 
symptomatic and have a severe degree of deformity with evidence of cardiac and/or pul-
monary compression on CT or ECHO. All surgical candidates are tested for metal allergy.

The mild and moderate degrees of pectus deformity patients are treated with a 
breathing and exercise protocol and if indicated the Klobe vacuum bell. 

Since publication of the minimally invasive technique there has been a huge increase 
in the number of patients requesting repair – we only did 45 cases in the ten years from 
1987 to 1996 and over a 1000 cases in the next decade. This dramatic increase in numbers 
has allowed numerous centers to study the cardiopulmonary effects of pectus excavatum 
and the outcome of the repair. These studies have confirmed what the patients have been 
telling us for seventy years, namely that there is right heart compression with decrea-
sed filling and increased resistance, which is corrected immediately after repair, and that 
that there is a restrictive pulmonary effect which is significantly improved after the bar is 
removed. We have reported on static (resting) pulmonary function in a multi-institutional 
study which showed a decrease of 10%–15% or about one standard deviation [12], and is 
related to depth of the depression [13]. There was significant improvement after surgical 
correction [14]. The mechanism appears to be poor movement of the sternum: instead of 
the normal motion with inspiration the lower sternum is fixed. This poor bellows action is 
reversed with surgical correction, and chest wall motion after the Nuss procedure is indis-
tinguishable from controls [15]. Exercise and ECHO studies by Pilegaard from Denmark, 
by Sigalet from Canada, Coln and Jaroszewki from the US have confirmed the cardio-
pulmonary effects mentioned above with significant increase in stroke volume, cardiac 
output, cardiac index, oxygen pulse and VO2 max after repair. In our series 14% of pati-
ents had mitral valve prolapse pre-operative and in half of those it was resolved post-
operatively, which is consistent with findings by Schamberger and Coln. 

Body image concern is one of major reasons patients seek treatment. Patients 
frequently avoid activities which require taking their shirts off in public to swim or 
exercise which leads to social withdrawal. After repair, patients’ body image concerns 
are dramatically improved [13, 16]. 

Technical points include proper bar length [17]; we continue to have good results 
with a bar 2.5 cm shorter than the distance between mid-axillary lines, which is 
slightly longer than Pilegaards bar but it is symmetric and we have had no problems 
with bar migration. Thoracoscopy is essential. We strongly endorse sternal elevation 
with crane, vacuum bell or subxiphoid bone hook to improve visualization and mini-
mize any chance of cardiac injury during sub-sternal dissection. Two bars should be 
used if they will better distribute the force of the chest wall than a single bar. The bar 
must be prevented from rotating, with a stabilizer on the left side and PDS wraps of 
the bar/rib crossings. We do not use thoracic epidural anesthesia.

We generally hospitalize until the fourth post-operative day. Pain medications are 
stopped by 4 weeks post-op. Return to activity is similar. Bar removal is 2 to 3 years 
later. Bar removal includes opening both incisions, removing any bony overgrowth 
until the bar moves easily in its fibrous tunnel, flattening the bar at both ends, not 
twisting the bar, and applying gentle traction. Recurrence is less than 1%.
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Dawn E. Jaroszewski

Comment

Treatment of pectus excavatum (PE) has evolved over the past century with minimally 
invasive repair techniques being recommended for the majority of symptomatic, 
severe patients. Symptoms such as exertional dyspnea, chest pain, palpitations and 
exercise intolerance have been shown to result from the cardiopulmonary restriction 
of the defect and are mostly resolved with surgical repair [20]. With surgical repair, 
right heart compression is relieved and increased right-sided cardiac output can be 
expected for most patients [18].

There are a number of technique modifications from the original procedure as 
published by Nuss [21]. These modifications have been useful for the extension of 
the minimally invasive repair technique into the repair of older patients and include 
placement of multiple support bars [22] and assisted sternal elevation [19]. The use of 
thoracoscopy and forced elevation prior to passing the introducer and bars improves 
visualization and may also decrease procedure risks (Fig. 7.2.11a–c). In agreement 
with Dr. Pilegaard, our own experience has led to the use of multiple bars in older 
patients with more than 40% of our adult patient receiving three support bars.

Good postoperative pain control is essential in this patient population. Epidurals, int-
ravenous patient controlled anesthesia and subcutaneous pain catheters have all been 
reported with excellent results. In our adult patient experience, the use of a  tunneled 
On-Q catheter with oral analgesics (ibuprofen, gabapentin and oxycodone) has been 
successful with few complications. At completion of the procedure, 7.5-inch soaker cathe-
ters (PM050-A, On-Q, Halyard Health, Inc, Irvine, CA) are placed anterior along the ribs 
using a disposable, 17-gauge, 10-inch tunneling system (Model T17X10, On-Q, Halyard 
Health, Inc) (Fig. 7.2.12a). The On-Q catheters are primed and attached to a 750-mL reser-
voir (Fig. 7.2.12b). Variable rate controllers (Select-A-Flow, Halyard Health, Inc) are locked 
at a rate of 7 mL/h, infusing ropivacaine, 0.2%. The reservoir is refilled at 48 hours and 
patients are discharged home with catheters in place. Removal is planned on day 4–5.

(a) (b) (c)

Fig. 7.2.11: (a) perforating bone clamp is placed on the sternum and attached to the bedside 
RulTract retractor forced sternal elevation. (b) and (c) thoracoscopic view of excavatum defect and 
cardiac compression before (left) and after (right) forced elevation with RulTract.
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Patient satisfaction and quality of life are improved with repair of severe, symptoma-
tic PE. An increasing amount of data is being published documenting the cardiopul-
monary benefits and psychosocial benefits of repair. Even advanced aged patients 
can be candidates for minimally invasive repair and should be considered.

Jean-Marie Wihlm

Comment

Based on an important personal experience, H. Pilegaard gives an overview of the 
Nuss technique, also named Minimally Invasive Repair of Pectus Excavatum (MIRPE) 
that is likely to become the new gold standard for the next 20 years.

However, some points regarding indications are still debated: many surgeons 
consider this technique for mild to moderate deformities only with moderate asym-
metry and sternal rotation less than 15–20°. The most controversial point is the pre-
sence of inferior costal flaring, as can be seen on Fig. 7.2.2 in an adult patient. Such 
an important component may only be completely treated by open surgery including 
inferior costo-chondroplasty during a Ravitch-type correction of PE [23] (Fig. 7.2.13).

The optimal age for MIRPE is increasing in a worldwide trend in recent publi-
cations and I personally favor the age of 15 years, considering that the age for bar 
removal will then be 18 years, corresponding to both the end of growth and a defini-
tive reduced risk of recurrence.

But the most important parameter of a good indication, regardless of age, is the 
general flexibility of the chest and especially the anterior plastron, not considered 
here. This clinical evaluation is easy and simply consists of an “auto-correction” test: 
the patient is asked to do a strong Valsalva manoeuvre which acts like a “pneumatic 

Fig. 7.2.12: 7.5-inch soaker catheters placed anterior along the ribs (a) and On-Q catheters attached 
to a 750-mL reservoir (b).
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(a) (b)

(c) (d)

Fig. 7.2.13: Costo-chondroplasty for inferior costal flaring.

Nuss” and shows the potential of reduction of the deformity Fig. 7.2.14. This test is 
best made in front of a mirror, to show the patient (and the parents) an instant level 
of correction of 60%–70% of action of the definitive bar(s) (Fig. 7.2.14 and Video 7.1 
Cavum excavatum).

Preoperative evaluation must also include a routine CT scan (using new protocols with 
low doses) that allows surgeons to better assess cardiac compression, asymmetry, a 

Video showing a man with a cavum excavatum
https://www.degruyter.com/view/supplement/9783110419825_Cavum_
excavatum.mp4
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prospective sternal rotation (not seen on chest X-rays only) and inferior costal flaring 
in 3D reconstruction [24]. CT scan data may not only change the indication for MIRPE, 
but may also help to better plan placement and shaping of the bars.

A routine echocardiography is mandatory as well, especially in case of clinical 
heart murmur, to disclose the known association of PE with mitral valve abnormali-
ties (prolapse or insufficiency) or others, including aortic root enlargement in Marfan 
patients [25].

There is no mention about a possible allergy to the alloy of the stainless steel bar 
containing chrome and nickel, which can be tested by a 48-hour skin-test using a 
small bar sample. 

In the Nuss procedure technique, the reason for the original bar length was obvi-
ously to have the support of at least two or three (with the stabilizers) levels of ribs 
bilaterally to counteract the pressure of the corrected plastron and sternum and dis-
tribute the forces on several ribs on each side and in a balanced way. Such a place-
ment may be observed in Fig. 7.2.8 but only on the right side for both cases, instead 
of an equal distribution bilaterally with a classical length. On Fig. 7.2.1, the right bar 
support is only a single rib and there is a risk of droping in the chest in case of sliding, 
being more likely with short bars. 

(a) (b)

Fig. 7.2.14: Auto-correction test.
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Having the end of the bars paralell to the lateral chest wall was actually not recom-
mended to avoid an “hour glass” effect, especially in still growing teenagers. For 
many authors, the proper length is today one or two inches shorter than the original 
with a support zone on both anterior axillary line, but not as short as Dr. Pilegaard’s 
concept however [26]. The oblique contact of both ends allows lateral growing of the 
rib cage during the 3 years and some manufacturers developped sliding stabilizers 
which may be placed closer to the hinge points but still keeping the initial security 
of medium size bars against lateral sliding [27]. Another advantage is a slight antero-
posterior movement possible during respiratory cycle compared to wired stabilizers 
as seen on Figs. 7.2.1 and 7.2.8, thereby reducing pain.

Caroline Fortmann, Claus Petersen

7.3 Pectus carinatum

In 1987 Donald Nuss introduced a minimally invasive procedure, entitled the Nuss 
procedure, which transformed the treatment of pectus excavatum (PE). The operation 
involved inserting a stainless steel bar to correct any deformity of the anterior wall 
of the chest. After further research and trials spanning 7 years, the procedures invol-
ved in PE were effectively transferred to pectus carinatum (PC). This approach was 
based on the assumption that both pectus excavatum and carinatum share common 
characteristics and require similar therapeutic strategies. However, is that true? As 
we know, both deformities of the anterior chest wall are frequent, and boys are more 
often affected than girls. It is also a known fact that both entities can concomitantly 
occur together with scoliosis, whereas it is unclear whether one or the other deformity 
induces or interferes with the other, or if they are distinct phenomena. Similarly to PE, 
a genetic predisposition of PC is likely, although the onset of the latter corresponds 
more frequently to the beginning of puberty. Research in the associated symptoms, 
such as dyspnea, palpitations, etc. are inconsistent in PC, while both deformities are 
concomitant features in patients with Marfan and Noonan Syndrome [28]. For the sake 
of completeness, it should be noted that many chest wall deformities, including PC, 
can also occur as a result of a surgical procedure to correct a congenital disease, e.g. 
diaphragmatic hernia, or following sternotomy, which is mostly performed in cardio-
surgical procedures. 

In terms of the developmental process, a similar pathomechanism is suggested 
for both kinds of sternal dislocation. Researchers agree that the inappropriate growth 
of the costosternal cartilage can result in sternal shifting. However, it remains unclear 
as to which factor determines whether the sternum moves to a position above or below 
the ideal line, and why these osteochondral deformities occur either symmetrically or 
asymmetrically. It is also enigmatic whether additional pathologic angulations of the 
sternum are due to the abovementioned mechanism, or if another factor solely targets 
the osseous malformation. Another unanswered question concerns the onset of chest 
wall deformities, because PE, more often than PC, occurs in early infancy and remains 
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stable over years before a rapid dislodgment of the sternum progresses as puberty 
starts [28]. 

Therapeutic concepts for the surgical repair of PC date from the early 1950s, 
when Ravitch published his technique for the correction of both pectus excavatum 
and carinatum [29]. However, this topic received very little attention from researchers 
and scientists and, over the course of 50 years following the introduction of Ravitch’s 
technique, just three papers per year on average were published that examined PE 
and PC. The majority of those studies that were published described an individual’s 
experience with surgery in PC, but the operative concept remained largely rare. 

This situation did not change until 2005, at which point Abramson demonstrated 
the inverse use of the Nuss pectus bar [30]. His concept spurred the community as a 
whole to pay more attention to the use of surgical concepts to correct PC, and research 
into the modification of instruments and implants commenced. Stimulated by this dis-
cussion, promoters of the open repair of PC reappeared in the field, advocating for the 
open approach and refining their technique and implants. From that point onwards, the 
frequency of PC-related publications increased to up to 17 papers on average per year. 
However, in contrast to the treatment of pectus excavatum, for which the Nuss procedure 
had already become state of the art, the diverging concepts on how to best treat PC remai-
ned open to debate. In the meantime, the conservative approach to treating PC, which 
was first proposed in the mid-1970s, experienced a renaissance. Pediatric surgeons from 
Argentina [31] and Canada [32] introduced their newly developed devices, protocols 
and study results. They demonstrated that bracing PC patients during puberty had a 
high success rate. However, treatment strategies for PC remain under debate to this day. 
Table 7.3.1 focuses on the pros and cons of the three diverging approaches, while Table 
7.3.2 (supplementary material online: http://www.degruyter.com/books/9783110425291) 
compares the results and outcomes of existing studies in this area.

The crucial and most diverging point about the treatment of chest wall deformi-
ties is to define the right indication, particularly for major procedures, including the 
risks and side effects of radiation, anesthesia and surgery. Despite the fact that recent 
studies demonstrate a slight improvement in cardiopulmonary function following PE 
repair, it is still the patients with PC and PE who indicate the time and mode of the 
procedure. In other words, we are experiencing a paradigm shift through which the 
affected young people do not visit cosmetic surgeons but requiring surgery that is pre-
dominantly not medically indicated from thoracic and pediatric surgeons. All the more, 
it remains the surgeon’s responsibility to decide whether or not to follow the patient’s 
desire. However, those adolescents who suffer from conspicuous thoracic deformities, 
or who suffer greatly from an impairment of self-image, should be considered candida-
tes for surgery, even when the indication is primarily not medical. In consequence, the 
outcome measures also have to be newly defined. Meeting the patients’ expectations is 
the main goal to be achieved, and success rates of either procedure have to be measured 
against the satisfaction of the patient and the improvement of his or her self-esteem.

Taking into account the fact that patients with PC do not suffer from physical 
limitations, further medical investigation depends on the therapeutic concept. Planning 
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a surgical procedure requires appropriate diagnostic work, while scanning the thoracic 
surface without radiation and photographic documentation are sufficient for bracing 
therapy. Unnecessary exposure to radiation has to be avoided whenever possible. 

Most open procedures for PC repair follow the principle of Ravitch‘s technique [29]. 
The key steps in this approach involve the dissection of the pectoralis muscles, resection 
of the costosternal cartilages, osteotomy of the sternum, if necessary, and intermediate 
fixation of the corrected sternum with variable devices and material. Several authors 
have published methods that incorporate slight modifications to the technique, the 
majority of which involve shortening the skin incision, minimizing the surgical trauma 
and avoiding secondary interventions for the removal of implants. The overall results of 
open surgery for PC are good according to the abovementioned parameters.

The inverse use of the pectus bars for PC was introduced by Abramson [31]. He 
showed how the protruding sternum could be pressed down into a normal position 
and fixed by use of an individually bent bar, which was subcutaneously introduced. 
The principle of this procedure was adopted by other authors, whereby they develo-
ped different solutions as to how to fix the bars to the ribs. However, the flexibility of 
the sternum is a crucial precondition for the use of this approach.

The flexibility of the thorax is also essential for the conservative approach to 
PC. Herein, thoracic plasticity can be tested by slow, but forced, manual pressure on 
the prominent sternum. When the sternum can be replaced into a normal position, 
bracing is a promising option (Fig. 7.3.1). Several studies have already shown that the 
effect of this treatment can be observed within a few weeks, and complete reposition 
is a question of months [32]. The most striking argument for this orthopedic approach 
is that no side effects are threatening, except for skin irritation and general discom-
fort when using the device. On the other hand, no evidence is given when diverging 
concepts are recommended concerning the design of the brace, minimal and maximal 
pressure rates and the appropriate time of use. Another advantage is that, in case of 
a relapse, the same treatment can be started once again with a reasonable chance of 
success. 

(a) (b) (c)

Fig. 7.3.1: Patient with PC before treatment (a), under treatment with a brace (b) and after treatment (c).
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In contrast to PE patients, where surgical correction should preferably be 
scheduled for late adolescence, the orthopedic approach to PC has to be started as 
soon as the deformity becomes evident. This alleged contradiction has to be passed 
to the pediatricians, orthopedics and surgeons who see those patients first. Pros and 
cons of three different approaches are listed in Tab. 7.3.1. The challenge for the upco-
ming years will be to optimize the treatment modality of the non-operative approach 
to PC and to elucidate the complexity of thoracic and concomitant spinal deformities.

Tab. 7.3.1: Treatment of pectus carinatum: pros and cons of three diverging approaches.

  Open surgery Minimally invasive surgery Compression therapy

First described 1952 2005 1979

by Ravitch Abramson Haje & Raymundo

Key steps Resection of deformed 
costal cartilages + 
sternal osteotomy

Subcutaneous metal bar 
compresses protrusion

Greatest external forces by 
custom-fitted brace

Advancement Various modifications  
of the technique  
(including use of metal 
bars for stabilization)

Combined with orthotic 
bracing prior to surgery in 
rigid chest (Various bars 
and stabilization systems)

1) Dynamic compressor 
system (DMS) + pressure 
measuring device (PMD) by 
Martinez-Ferro and Fraire, 
2008   
2) Calgary protocol: 
self-adjustable device + 
protocol for bracing, 2006

Pros Possible even in rigid 
deformities (including 
chondromanubrial 
forms) and severe 
asymmetry

Small incisions, 
extrathoracic surgery, 
shorter operation time, 
faster recovery

No surgical risks, low-cost 
(various self-designed 
bars), no hospital stay

Cons Major surgical 
procedure with variety 
of complications, 
recurrence

Wire breakage, seroma, 
infection, allergic reaction, 
recurrence

Erythema, discomfort, 
recurrence

Results Mixed (worsening 
cosmetic results, 
decreased chest wall 
compliance), improving 
in last decades: 
excellent – very good

Excellent – good Excellent – good

Comment In case of bar 
implantation second 
operation needed for 
removal

Second operationen  
needed for bar removal

Compliance needed
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Horatio Abramson

Comment

The establishment of appropriate techniques to correct asymmetric malformations of 
the thorax is challenging. The fixing plate’s location, the length and shape of the com-
pressing bar and the horizontal or oblique position of the bar are the key to achieve 
a successful result Fig. 7.3.2. In those patients presenting PC with contra-lateral PE, it 
is important to consider the extent to which the use of one bar to compress the pro-
truded region will cause an elevation of the PE. In patients with predominant PE with 
contra-lateral PC, it is important to predict if the use of the retro-sternal bar alone will 
be sufficient. Patients that exhibit asymmetric PE or PC with the contralateral side of 
a standard shape can be treated with only pre-sternal or retro-sternal implants.

Other therapeutic alternatives are a) insertion of one retro-sternal bar and another 
pre-sternal either simultaneously or in sequence; b) insertion of a pre-sternal bar then, 
in a deferred action, removing it and inserting another in a lower position; c) implanting 
a bar with intra-thoracic journey in the depressed hemithorax and pre-sternal position 
in the protruded hemithorax; d) resection of costal fragments favoring compression. 

In order to effectively deal with asymmetric malformations the surgeon and his 
team need to have extensive experience in choosing and recommending the best 
approach to the patient. 

(a) (b)

Fig. 7.3.2: Pectus carinatum before (a) and after (b) minimally invasive surgical repair correction.

Marcelo Martínez Ferro

Comment

By the year 1999, with the exception of the pioneer papers of Haje and coworkers, no 
other authors advocated a non-operative approach. At that time, it was commonly 
believed that measuring the pressure exerted to the protrusion would be crucial for 
understanding and treating patients with PC.
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Consequently, two different pressure measurements were established: pressure  
of correction (PC) and pressure of treatment (PT). When analyzing the recorded 
pressure data, it was concluded that PC indirectly measures the thoracic elasticity, 
increases with age and can be used to predict the treatment duration. We observed 
that patients with lower pressures ended the treatment faster and that PC could also 
help to predict the final cosmetic outcome, albeit with less precision. However, PT 
measurement enabled the additional observation that applying pressures greater 
than 2.5 PSI diminished tolerance, mostly because of skin irritation and ulceration. 
Accordingly, in the last 251 patients treated with the device, PT was set up with equal 
or less than 2.5 PSI and, as a result, the FMF® Dynamic Compressor System resulted 
in satisfactory treatment tolerance and compliance (see also supplementary material 
Figs. 7.3.3 and 7.3.4, http://www.degruyter.com/books/9783110425291).

Francis Robicsek

Comment

In treatises written on the treatment of pectus deformities, we have to cease using the 
long time defunct “Ravitch procedure” as a “straw man”. However, contrary to those who 
recommend that PC should be treated conservatively or using temporarily in-dwelling 
rods, we believe that PC, just like it’s “sister deformity” PE, should be treated by up to 
date, minimally invasive, open technique in line with the following principles [33].

–– The treatment should be one-stage, it should be simple and swift.
–– Should not leave rigid foreign material in the body. (in case of carinatum, no 

foreign material at all).
–– Should not create a potential for complications. Serious morbidity, especially iat-

rogenic injuries and mortality, are unacceptable.
–– Should provide uniformly excellent cosmetic and functional results.
–– Should not necessitate extended follow-up.
–– Should not require re-intervention.

In PC, a condition that fits best with the term of “keel chest”, the sternum broadly 
arches forward. It has two common varieties:

Type A pectus carinatum is characterized by protrusion of the lower portion 
of the sternum and formation of 90 degree backward open angle with the xiphoid 
process Fig 7.3.3.

Type B pectus carinatum, the lower portion of the sternum is protruding but the 
longitudinal axis of the xiphoid process remains “in line” with it.

In the Type A deformity, the lower sternum is exposed through a 4–5 cm long, 
anterior transverse skin incision. The full-thickness flap is made mobile enough 
to be moved around to provide access to the entire operative field. The pectora-
lis major muscles are detached from the sternum bilaterally. A transverse sternal 
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wedge-osteotomy is made at the upper limit of the deformity. The corresponding 
cartilages are subperichondrally resected. The xyphoid process is detached. In 
Type A, a short 4–6 cm portion is resected from the lower tip of the sternum, and 
then the sternum is forcefully bent backward to achieve a normal straight axis. 
The xiphoid process is re-attached to the resected stump of the sternum with a 

pair of stainless steel wire sutures. This way the pulling effect of the rectus abdo-
minis muscles will preserve the sternum in its corrected position, which is further 
secured by closing the previously detached pectoralis muscles pre-sternally. In 
Type B, where the xiphoid process is “in line” with the sternal axis, sternum shor-
tening and detachment of the xiphoid process is usually deemed unnecessary. The 
wound is drained with a small caliber suction device, closed and a moderately 
compressive dressing applied. The procedure usually requires an overnight stay 
and very limited follow-up [34–38].

Fig. 7.3.3: In Type A pectus carinatum, the lower position of the sternum forms a 90 degree angle 
with the xiphoid process. After performing a transverse sternotomy, bilateral chondral resection and 
correction of the sternal axis, a short portion is resected from the lower sternum and the xiphoid 
process is reattached to the sternal stump. In the Type B anomaly, the sternal resection may be 
omitted. Presternal closure of the pectoral major muscles assures the corrected position of the 
sternum and a smooth anterior chest wall.
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Claus Petersen

7.4 Miscellaneous

7.4.1 Poland syndrome

In the mid-19th century, A. Poland was the first to describe the single-sided absence of 
pectoralis and serratus anterior muscles. Over 100 years later, his observation was reco-
vered and more features were observed, resulting in the development of a definition of 
a complex anatomical defect. The nature and severity of Poland syndrome ranges from 
hypo- or aplasia of the nipple in combination with muscular defects, through to defor-
mities of the thoracic cage, including ipsilateral hypo- and dysplasia of the ribs and 
sternum, potentially associated with anomalies of the upper limb. Disagreement still 
exists with regards to the etiology (e.g. intrauterine ischemia of the subclavian artery 
supplied structures) and classification of this complex entity. Depending on the seve-
rity of the defects, surgical reconstruction is indicated for cosmetic and/or functional 
improvement. In terms of minor defects, soft tissue reconstruction is required, which 
involves transferring the latissimus dorsi flaps, and the use of lipofilling and silicone 
implants alone or in combination. In females, complete reconstruction or correction 
of hypoplastic or absent mammae is mandatory and, if necessary, is accompanied by 
nipple reconstruction and tattooing.

The most complex, but rare, deformity results from bony hypoplasia and defects 
of the thoracic cage. Very few reports are available that address how missing ribs can 
partially or totally be replaced in order to close the defect and provide a supporting surface 
for the transferred muscles. Herein, the crucial point is that osteosynthetic devices were 
originally developed to compensate for bony instability while they are not intended for 
use with moving structures like ribs. For this reason, reconstructive surgery of defects of 
the thoracic cage continues to represent a challenge for innovative teams. In conclusion, 
patients that suffer from Poland syndrome exhibit a wide range of visible and functional 
defects that require individually customized treatment algorithms to meet each patient’s 
distinct needs with minimal complication and requirement for revision. 

7.4.2 Jeune syndrome

The most common feature of Jeune syndrome, which was first described in 1956, is an 
asphyxiating thoracic dystrophy. In this rare autosomal recessive disorder, the intratho-
racic organs are squeezed into a small restrictive chest cage that doesn’t grow adequately. 
Respiratory failure and recurrent brochopulmonary infections, together with increasing 
right ventricular load, can have potentially life-threatening consequences, and untreated 
patients often die within their first years of life. Very few reports on early surgical inven-
tions that can successfully bridge patients from infancy to childhood are available. Of 
the surgery that is described, two principal procedures are employed: distraction of the 
sternum after longitudinal splitting with or without interposition of autologous rib grafts 
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and other material; and the use of posterior osteotomies that are fixated with expanda-
ble implants, e.g. vertically expandable prosthetic titanium rib (VEPTR) to enlarge the 
thoracic cavity. However, surgical interventions that successfully treat Jeune syndrome 
are not yet well established and stagnate on the level of experimental procedures. 

7.4.3 Sternal defects

Total or incomplete fusion of the sternum is the underlying pathomechanism of 
sternal clefts, ranging from isolated superior V-shaped clefts to ectopia cordis and 
Cantrell’s pentalogy, when the abdominal wall and diaphragmatic defects are asso-
ciated. Surgical repair of minor defects is recommended during the neonatal period 
when the sternum edges are still movable and can be easily approximated. The survi-
val rate of babies that suffer from the extremely rare true ectopia cordis is low, due to 
compromised blood flow in the great vessels on the attempt to replace the heart into 
the mediastinum. In patients with thoracoabdominal defects, coverage of the heart, 
liver and intestine is the priority, followed by repair of the diaphragm and cardio 
surgical procedures. Despite the severity of this malformation, the outcome is much 
better than that associated with isolated ectopia cordis.

7.4.4 Defects of the thoracic wall

Bony defects of the thoracic cage before adulthood mostly result from small to large 
tumor resections. The crucial problem is that defects and the fusion of ribs frequently 
result in the development of scoliosis. It is nearly impossible to tackle this problem 
in the growing organism, because no self-expending stabilizing devices are availa-
ble. After puberty, persisting defects are often required to be closed for medical and 
cosmetic purposes. At this time, reconstruction of the bony structures should be con-
sidered in order to prevent the underlying organs from sustaining mechanical injury 
and to provide a stable substructure for muscular shaping and reconstruction of the 
breast in females. For this indication, new implants for stabilizing or replacing ribs 
are available. However, in the meantime, and awaiting the development of more 
effective techniques, the coverage of the defect with biological or synthetic material 
as well as muscle flaps and soft tissue is currently common practice and is forecast to 
remain as such for the foreseeable future.

Frédéric Lavrand

Comment

The correction of chest wall defects requires both the ability to perform control 
imaging and to limit spinal or chest wall deformities in adulthood [116–124].
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Fig. 7.4.1: The STRATOS® system.

Fig. 7.4.2: Horizontal and vertical reconstruction in the same time with the MTS®.

In this sense we have used the STRATOS® system (MedXpert GmbH) for five pati-
ents since 2008 the titanium connecting bar and rib clip allow a horizontal semi rigid 
correction rib by rib, or more often by two, enabling the MRI control and ensuring 
stability of the thorax. In addition this type of correction allows a subnormal thoracic 
mechanism of respiration and shape of the thorax (Fig. 7.4.1).

The goal is to restore in a single step the maximum thoracic volume.
For a child the problem is growing, so it is possible to unlock one side of the 

connecting bar to allow the latter to slide in the titanium clip to compensate for 
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horizontal growing of the intercostal spaces located below and above. At this time, 
no device failure is implicated. Protection of lung and pericardium is provided by an 
oversized PTFE or Silastic plate.

Unsightly muscle defects can be either treated by muscle transfer (Latimus dorsi 
flap) or protheses after the end of growth.

Now it is possible to perform a horizontal and vertical reconstruction at the 
same time with the use of MTS® (Multidirectional Thoracic Wall Stabilization) the 
latest evolution of the STRATOS® (Fig. 7.4.2). Its articulated staples allow recons-
truction in the absence of a costal stump necessary to the previous version, close 
to the sternum or in the posterior chest wall close to the spine. Moreover, mobility 
of this device and possibility to perform bi dimensional reconstruction allows to 
the “respiratory pump” continue to function closely normal allowing all thoracic 
reconstructions. 

Haiko K. Jahn, Sebastian van As

7.5 Trauma

7.5.1 Introduction

Globally, trauma remains the leading cause of death, hospitalization and long-term 
disabilities in the first four decades of life [39]. According to global surveys 10% of 
trauma-related hospital admissions are due to thoracic injuries. Thoracic injuries 
account for 25% of trauma related deaths [39, 40]. Isolated thoracic trauma in child-
ren accounts for 5% mortality. This increases dramatically up to 40% with associated 
injuries, especially with head and abdominal injuries [41]. 

Thoracic trauma may be classified by mechanism, anatomical site and severity 
(immediately or potentially life threatening). The vast majority are the result of blunt 
trauma. Children are usually injured as pedestrians hit by motor vehicles rather than 
as motor vehicles passengers [44–46]. Other mechanisms include bikes, falls and 
non-accidental injury (NAI) [46]. In children under three years of age rib fractures in 
the absence of any underlying medical problem or motor vehicle accident are highly 
suggestive of non-accidental injury (NAI) [69].

Less than 5% of thoracic trauma is attributable to penetrating injuries, which is 
largely a single-system injury and carries a high risk of requiring surgical intervention 
[47]. This becomes more significant in adolescences and is often the result of stab and 
gunshot wounds. These include BB or pellets fired from recreational air guns that can 
produce life-threatening injuries. In penetrating trauma almost all of the deaths are 
attributed to the thoracic injury. Other unusual causes of penetrating trauma seen in 
children 12 years old or younger include impalement onto shards of broken glass or 
metal rods [46].
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7.5.2 Biomechanics and anatomy

The majority of pediatric data with regards to biomechanics is derived from work 
done by the motor industry [49, 50]. In children, the chest wall is thinner and is ext-
remely compliant because of greater cartilage content and incomplete ossification of 
the ribs. This makes rib fractures rare [50, 57]. Their thoracic volume is smaller and 
the arrangement of vital structures is more compact than in adults [57]. This results in 
unusual injuries such as traumatic asphyxia and commotio cordis [53]. Rib fractures 
and mediastinal injuries are therefore uncommon in children. Their presence indica-
tes the transfer of massive amounts of energy to the thoracic and abdominal organs 
raising the possibility of multiple serious organ injuries [42, 49].

The mediastinum in children is more flexible and mobile, lowering the 
incidence of major vessel trauma, but allowing a visceral shift which can result 
in the displacement of the heart and trachea, with pneumothorax, hemothorax 
and diaphragmatic rupture [50, 51, 53–55]. Displacement of the heart kinks the 
mediastinum compromising preload and leading to decreased cardiac output and 
profound hypotension [57]. Angulation of the trachea and compression of the lung by 
the mediastinum may produce respiratory compromise [53, 54].

Children rely on the diaphragm for ventilation because of their more compliant 
ribs and weak intercostal muscles. In the setting of trauma (even without abdomi-
nal injury) the majority of children hyperventilate and swallow air (arerophagia) 
leading to gastric distension resulting in elevation and splinting of the diaphragm 
and respiratory distress. Therefore gastric decompression with a nasogastric or oro-
gastric tube in the presence of head trauma is key to ensure adequate ventilation 
[46, 58, 59].

7.5.3 General evaluation and initial management of the child with chest injuries

Chest injuries include damage to the chest wall, diaphragm, lungs and mediastinal 
structures. The guiding principles as outlined by the Advanced Trauma Life Support 
(ATLS) course should be followed [60]. The severity of chest trauma in children ranges 
from minor to rapidly fatal. The presence of chest injury often portends involvement 
of other organs, reflecting the transmission of substantial force to the child’s compact 
body [46]. Therefore it is important to have a high index of suspicion for these inju-
ries, as physical examination is highly unreliable [44–46] (Figs. 7.5.2 & 7.5.3). Theses 
injuries can be classified into six lethal injuries that need excluding in the primary 
survey and six hidden injuries that must be considered in the secondary survey and 
non-life threatening injuries [44, 53, 61–63] (Tab. 7.5.1).

Children with multi-trauma and chest injury are more unstable, with significantly 
worse Revised Trauma Scores (RTS), Injury Severity Scores (ISS) and Glasgow Coma 
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Fig. 7.5.1: CT scan of the chest demonstrating an anterior pneumothorax that cannot be diagnosed 
with an AP chest radiograph.

Scale scores (GCS) compared to those without chest trauma [44–46, 54]. Approxi-
mately two-thirds of deaths from thoracic trauma occur after the patient reaches the 
hospital. Therefore pediatric trauma scores may help to identify these high risk pati-
ents and ensure timely diagnosis and treatment [61].

In multi-trauma chest injury: lung or pleural space involvement was associated with 
a mortality of 20%, diaphragm involvement with a mortality of nearly 30%, heart involve-
ment with a mortality of nearly 40% and blood vessel involvement with a more than 50% 
mortality [66]. With regards to extra-thoracic injury, mortality increased to 20% in con-
junction with abdominal injury, to 35% with head injury and to 39% with all three [41].

Intra-thoracic injuries such as pulmonary contusions, great vessel injuries, eso-
phageal perforation, thoracic duct rupture leading to chylothorax and diaphragmatic 
ruptures may not present with immediate symptoms making prompt diagnosis dif-
ficult. The underlying thoracic injuries are often disproportionately severe compa-
red with the visible surface injuries (Figs. 7.5.2 & 7.5.3). At the same time concomitant 
extra-thoracic injuries may obscure the presence of serious chest injuries [39–46]. 

Signs and symptoms associated with blunt chest injuries include chest crepi-
tation, subcutaneous emphysema, nasal flaring, chest retractions, diminished or 
absent breath sounds, tachypnea, dyspnea and low oxygen saturation [44–46].

Children with physical findings suggestive of chest injury or that have sustained 
a high-energy deceleration mechanism of trauma require chest imaging. Standard 
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anterior-posterior (AP) chest radiographs provide a low-cost screening tool and will 
be abnormal in 60%–90% of children with significant injuries [44, 45, 64, 65]. 

However, not all thoracic injuries can be detected on plain radiography, and CT 
scanning of the chest may be indicated. (Fig. 7.5.1)

Children with abnormal mediastinal silhouettes should undergo helical chest 
computed tomography (CT). Helical CT scans can define whether an abnormal medi-
astinal contour on a chest radiograph represents a thymic silhouette, a mediastinal 
hematoma or an aortic injury. Helical chest CT scans can also demonstrate pulmonary 
contusions and rib fractures, and may identify additional unsuspected injuries in 15% 
of children with normal routine radiographs [64, 65]. 

Despite this, most pediatric chest trauma can be managed with a tube thoracos-
tomy and supportive measures [44–46, 61]. 

Tab. 7.5.1: Classification of thoracic injuries according to their risk to life [46, 47, 61–63, 66].

Life-threatening Potentially life-threatening Non life-threatening

Airway obstruction Pulmonary contusion Rib fractures

Tension pneumothorax Diaphragmatic rupture Simple pneumothorax

Open pneumothorax Myocardial contusion Simple hemothorax

Massive hemothorax Esophageal rupture Chest wall contusion

Flail chest Tracheo-bronchial injuries

Cardiac tamponade Great vessel injuries

7.5.4 Airway obstruction

Children’s airways are small. They have narrow nasal passages, large tongues and 
enlarged adenoids. Therefore small changes in diameter can lead to rapid respiratory 
compromise. Due to their higher metabolic rate they have a higher oxygen demand 
per kilogram of body weight. Management of airway obstruction follows standard 
resuscitation guidelines for obtaining and securing a patent airway [59].

7.5.5 Traumatic asphyxia

Traumatic asphyxia usually occurs as a result of crushing injuries to the thorax and 
abdomen. The exact pathophysiology is not clearly understood, but the proposed 
mechanism is a closed glottis and tensed abdominal muscles, causing the force of the 
injury to displace blood from the right atrium and through the valveless jugular and 
innominate veins to the head and neck, with subsequent rupture of the superficial 
blood vessels. Usually, the child presents tachypnoeic with petechiae over the face, 
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neck, and chest. The face might also be blue and swollen, and fundoscopy might 
reveal retinal hemorrhages [46].

Children suffering from traumatic asphyxia should be very carefully examined 
for underlying injuries of the vital organs. One third of children with traumatic asphy-
xia will have associated pulmonary contusions, hypoxia or hemoptysis. 

Treatment should be supportive and since these children are likely to develop 
respiratory insufficiency and they should be managed in a pediatric intensive care 
unit (PICU). In isolated traumatic asphyxia, long-term follow up has shown a general 
good prognosis [44–46].

7.5.6 Chest wall injuries

The elasticity and flexibility of a child’s chest cage often protect the child from a 
serious injury. Rib fractures are rare in children occurring in only 1% to 2% of 
trauma victims. Flail chest occurs in only 1% to 2% of those children with rib inju-
ries [39–46, 68]. The increased compliance of children’s ribs allows the ribs to bend 
without fracturing. Rib fractures are usually a sign of a major energy transfer to the 
child’s chest. In children under 3 years of age it is estimated that 39% to 82% of rib 
fractures are the result of non-accidental injury. In the same age group the positive 
predictive value of rib fractures for non-accidental injury is 95%, and rises to 100% 
when other causes such as motor vehicle causes or predisposing medical conditions 
can be excluded [69].

Anatomical position of rib fractures can predict potential underlying injuries. 
The commonest sites of rib fractures are posterolaterally from the 4th to the 10th rib. 
Greater force is required to fracture the upper four ribs as they are protected by the 
bony shoulder girdle, which the potential to injure the trachea, main stem bronchi, 
and great vessels. Equally a greater force is needed to fracture the lowest three ribs 
as they are not attached to the sternum and may injury the underlying organs (liver, 
spleen or kidneys) [44–46]. 

In the setting of chest trauma fractures of the clavicle, the first rib and the scapula 
raise the possibility of major intrathoracic and vascular injuries due the greater trans-
mitted force and their anatomical relation to the great vessels [44–46]. 

Therapy is guided by patient’s vital signs and physical examination along with 
the radiographic findings. 

A portable anteroposterior (AP) chest radiograph remains the most common first 
radiograph obtained in most trauma patients, although STATSCAN (Lodox Systems, 
Sandton, South Africa), a low-radiation dose, fan-beam digital radiography unit, is 
an alternative in the assessment of polytrauma [46] (Figs. 7.5.2 & 7.5.3). Computed 
tomography (CT) scans are more reliable in diagnosing and localizing the rib fractu-
res, but are only indicated if associated injuries are suspected [44–46, 64, 65].
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Inefficient ventilation is much more serious with rib fractures of the lateral and  
posterior chest wall since they interfere more significantly with diaphragmatic move-
ment, an essential part in pediatric respiration [61].

Rib fractures are extremely painful. Immobilization is practically impossible. It is 
important to pay attention to the underlying lung contusion that can easily be over-
looked in the early stages of chest imaging [44–46].

Most rib fractures are managed with adequate and appropriate analgesics 
that include paracetamol, nonsteroidal anti-inflammatory drugs and opiates 

Fig. 7.5.2: A total body (Lodox©) scan of the chest demonstrating discrepancies between  
visible bony injuries and underlying chest injury. This patient sustained bilateral pulmonary  
contusions, lacerations and hemopneumothoraces, cardiac contusion, left first rib and right 
scapula fracture, right bronchial rupture extensive surgical emphysema, liver laceration and  
splenic laceration.
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when needed. Intercostal nerve blocks may be used when the pain interferes with 
breathing. This ensures adequate breathing and prevents complications such as ate-
lectasis and pneumonia, secondary to the inability to cough. Therefore respiratory 
exercises are an essential part of proper management. In the case of multiple rib frac-
tures admission to a specialized trauma unit with availability of continuous chest 
physiotherapy is preferred [39–46, 63]. As a significant force is required to produce a 
flail chest segment, it is a marker of trauma severity and should raise the suspicion 
for other potential injuries [70]. Initial treatment involves direct pressure over the flail 

Fig. 7.5.3: A total body (Lodox©) scan of the chest demonstrating discrepancies between visible 
bony injuries and underlying chest injury. The image demonstrates a left clavicle fracture, posterior 
rib fractures 1–9 left, left lung contusion. The patient developed a left-sided chylothorax on  
day 5, however never required any ventilator support.
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segment. Extensive rib fractures including a flail segment might require mechanical 
ventilation to improve gaseous exchange, physiotherapy and pulmonary toilet inclu-
ding suction, postural drainage and bronchoscopy [39–45]. 

7.5.7 Pulmonary injuries

Blunt pulmonary parenchymal injuries include pulmonary contusions, traumatic 
pneumatoceles and pulmonary lacerations and are generally the result of motor 
vehicle crashes, pedestrian accidents and falls [44–46].

The pliable thorax in children allows the transmission of energy through the 
chest wall to the underlying parenchyma. Nearly one half of children with pulmonary 
injury have no evidence of external chest wall trauma [39–46, 71, 72].

Lung contusions
Lung contusions occur in approximately two-thirds of all cases of chest trauma and 
are the most common chest injury in children. They are produced by a combination of 
shearing and bursting effects on the lung parenchyma that result in alveolar disrup-
tion, alveolar hemorrhage and interstitial edema. The mechanism is usually a rapid 
acceleration/deceleration type injury. Lung contusions occur within minutes after the 
injury and are mostly localized to a (lower) segment or lobe of the lung. Progressive 
inflammation and edema of the lung parenchyma occurs within the first 24 to 48 
hours after injury. This can result in ventilation/perfusion mismatch, intrapulmonary 
shunting, increased lung water, decreased lung compliance, atelectasis and pulmo-
nary consolidation [39–46, 71, 72].

Initial chest radiographs are abnormal in 67% to 90% of children with pulmonary 
contusions, but a normal radiograph does not exclude this injury. Radiographic changes 
may take 4 to 6 hours after injury to develop and include opacification and obscuration 
of the lung parenchyma. Aspiration may produce similar changes [44, 45, 71, 72].

Lung contusions not evident on chest radiograph can be demonstrated by helical 
chest CT. Ventilator support for lung contusions can be predicted if they involve more 
than 28% of the lung. In patients with less than 18% of lung volume involved, mecha-
nical ventilation is rarely required [73].

Serious complications associated with lung contusion include pneumonia (20%), 
acute respiratory distress syndrome (ARDS, 5% to 20%) and death (15% to 20%) 
similar in all age groups. The risk of acute respiratory distress syndrome is highest in 
the first 24 hours and low after 72 hours [44, 45, 71, 72].

Management of lung contusions is supportive, consisting of adequate analgesia, sup-
plemental oxygen, chest physical therapy and good pulmonary toilet. Mechanical ven-
tilation is required in about a third of children with pulmonary contusions in the initial 
phase to prevent respiratory collapse and to achieve adequate oxygenation. Judicious 
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fluid resuscitation and strict attention to fluid management may limit alveolar edema. 
Most pulmonary contusions have a good prognosis and resolve in 7 to 10 days [46].

Pulmonary hematoma is rare. It is usually caused by an injury to a major blood 
vessel within the lung, creating a so-called coin-lesion in the lung tissue. Management 
is non-operative, except in massive bleeds.

Traumatic pneumatoceles are thought to be the result of parenchymal cavitation 
from blunt trauma and appear as air or fluid cysts on chest imaging. They may incre-
ase in size over the first 1–2 weeks before gradually resolving and rarely cause any 
complications requiring surgical intervention [74–76]. Posttraumatic pseudocysts are 
rare and generally run a benign course resolving within 2 to 3 months. However close 
follow-up is recommended because of rare but serious complications such as hemo-
thorax, pneumothorax or infection of the cyst [74].

Pulmonary lacerations are rare in children but carry a 43% mortality [41]. 
Clinically they may present as a hemopneumothorax with respiratory distress and 
may cause persitant bleeding. A chest thoracostomy tube should be placed to drain 
blood and air. Once drained most small pulmonary lacerations generally seal spon-
taneously. Large lacerations may continue to bleed requiring expeditious surgical 
repair [44–46].

Bronchoscopy may be required to exclude an associated tracheobronchial injury 
when a persistent air leak from a parenchymal laceration occurs [44, 45].

In blunt thoracic trauma surgical intervention is rarely needed, however up to 
one-third of patients who do require thoracotomy undergo pulmonary resection. Both 
formal lobectomy and pneumonectomy in acute trauma carry mortalities rates as high 
as 55% and 100%, respectively [79, 80]. 

Pneumothorax
Pneumothorax is a common occurrence in childhood chest injury. The collapse of the 
lung might be caused by a penetrating injury, rupture of lung parenchyma or a tear in 
the esophagus or tracheobronchial tree.

Air accumulates in the pleural space, leading to loss of the negative intrapleural 
pressure and partial or complete collapse of the lung. It can be classified as open or 
closed and with or without tension and is often categorized as a hemopneumothorax 
in in conjunction with a hemothorax. Their incidence varies between 12% to 38% and 
is associated with 15% mortality. The presence of pneumothorax and hemothorax 
increases length of hospital stay whilst pulmonary contusions and rib fractures do 
not. They are also associated with significantly higher Injury Severity Score (ISS) and 
more associated injuries. The majority of pneumothoraces are not clinically signifi-
cant unless ventilator support is needed; they have the potential to develop in to a 
life-threatening tension pneumothorax if undiagnosed and not drained they are asso-
ciated with 15% mortality [39–46].
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Simple pneumothorax
Signs and symptoms in a simple (closed) pneumothorax can range from asymptoma-
tic to respiratory distress and tachycardia with visible/palpable unequal chest move-
ment, decreased or absent breath sounds and a hyper resonant note to percussion 
over the affected side. 

Treatment consists of a tube thoracostomy in the fourth intercostal space, in the 
anterior axillary line, under adequate analgesia. Care should be taken not to cause 
injury tov the lung parenchyma or diaphragm during the insertion of the tube. An 
underwater seal should immediately be connected to the bottle. If the child is asym-
ptomatic and can be closely monitored, aspiration or even observation of a simple 
pneumothorax may be appropriate. The resources to rapidly insert a chest tube should 
be available in the event of any deterioration [44–46]. Chest radiograph and chest 
CT are sensitive in demonstrating these intrapleural injuries. Small pneumothoraces 
noted on chest or abdominal CT scans are of questionable clinical significance and 
rarely require intervention. Treatment usually consists of tube thoracostomy [45–46].

Tension pneumothorax 
A tension pneumothorax is the result of progressive accumulation of air under pres-
sure in the pleural space and usually due to a valve-effect tear in the lung parenchyma. 
This may be more common in young children who have a more mobile mediastinum 
than adults [78]. It may lead to ipsilateral collapse of the lung and mediastinal shift, 
thereby compressing the (only properly ventilating) contralateral lung. This may 
result in severe impairment of ventilation as well as compromise of the venous return 
to the heart, and is often a lethal condition if not acted upon rapidly. (Fig. 7.5.4)

Diagnosis should be made clinically. Decreased breathing sounds, a hyperinfla-
ted ipsilateral hemithorax, tracheal deviation to the contralateral side, and a severely 
distressed patient all indicate that a fast needle-puncture (Thoraco-centesis) of the 
anterior chest (2nd intercostal space, midclavicular line) will be life-saving. The 
needle has to be replaced by a proper tube thoracostomy as soon as possible because 
blockage occurs frequently, and the excursions of an inflated lung will damage its 
visceral pleural surface against the sharp tip of the needle.

The following three iatrogenic pitfalls can mimic a tension pneumothorax 
[44, 45, 78]:
1.	 Children have a relatively short trachea, making it easy to intubate the right main 

bronchus, collapsing the left lung.
2.	 Luminal obstruction can have a “ball valve” effect causing progressive accumula-

tion of pressure in the lung, and leading to reduced venous return and respiratory 
distress.

3.	 If no nasogastric tube is inserted, gastric distension can displace the left hemi-
diaphragm into the chest, reducing ventilation.
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Open pneumothorax
Open pneumothorax is a result of a penetrating injury putting the pleural space in 
direct communication with the outside environment. This causes the intrathoracic and 
the atmospheric pressure to equilibrate, collapsing the underlying lung, If the chest 
wound is two-thirds the diameter of the trachea or greater, then on inspiration air will 
be sucked from atmosphere through the defect into the pleural space, collapsing the 
lung and causing mediastinal shift and subsequent cardiovascular and respiratory 
compromise. Therefore symptoms and signs are proportional to the wound size. 

Patients present with respiratory distress and tachycardia, a visible chest wound, 
reduced breath sounds, and a hyper resonant percussion note over the affected side 
and blood-stained air bubbling. Subcutaneous emphysema may be seen or palpated 
at the penetration site. 

Management involves preventing air from entering via the wound site with an 
occlusive dressing applied over the wound, taped down over three sides, creating a 

Fig. 7.5.4: Example of a radiograph with a right-side tension pneumothorax.
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one-way valve. The remaining air is drained via a thoracostomy tube. The wound may 
need surgical debridement and closure [58, 61]. 

Hemothorax
Hemothorax is the accumulation of blood in the pleural space. It occurs in up to a 
third of cases of chest trauma, often in conjunction with a pneumothorax and is asso-
ciated with a mortality of up to 53% [41, 44–46]. The most common sources for signi-
ficant intrapleural blood are lacerated intercostal vessels or pulmonary parenchymal 
lacerations. It may also be a sign of great vessel injury. Up to 40% of the circulating 
blood volume can easily be lost in one pleural cavity leading to profound circulatory 
failure [44]. In the case of a large volume hemothorax. Volume restoration takes pre-
cedence over drainage. Intravenous access with two wide bore lines must be obtained 
prior to drainage, as decompression may result in further bleeding as the tamponade 
effect is lost [58]. The diagnosis is made clinically and confirmed with an erect chest 
radiograph. Blood in the lower part of the pleural cavity often causes referred pain 
in the upper abdomen. Once the hemothorax is drained, these abdominal symptoms 
disappear. 

Subpulmonic hemothorax, in which blood only accumulates under the base 
of the lung, represents a challenge for diagnosis, particular on the right side, but a 
lateral decubitus radiograph will prove the condition. (Fig. 7.5.5)

On rare occasions, a massive hemothorax may lead to a tension hemothorax with 
respiratory and cardiovascular compromise resulting in deviation of the heart and 
mediastinum to the opposite side. However compared to a tension pneumothorax the 
neck veins are flat with hypovolemia, and there is a dull percussion note over the 
affected side.

Treatment consists of wide bore tube thoracostomy to drain the hemotho-
rax (Tab. 7.5.2); only rarely a thoracotomy is indicated. When diagnosed blood 

(a) (b)

Fig. 7.5.5: Chest radiograph demonstrating a subpulmonic hemothorax, difficult to diagnose on the 
AP view (a) but becoming apparent on the right side down decubitus view (b).
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should  be promptly evacuated from the pleural space with tube thoracostomy, 
since
1.	 blood left in the pleural space can produce fibrous scar tissue, causing restrictive 

lung disease;
2.	 blood acts as a perfect culture media promoting sepsis and pneumonia (empyema);
3.	 drainage allows accurate measurements of the blood loss for replacement, deter-

mining further treatment [44–46, 77].

Intrathoracic blood should be evacuated within 1 week of injury by either thoraco-
tomy or thoracoscopy [44–46]. The main indications for thoracotomy are ongoing 
active bleed while an intercostal drain is in place especially if initial blood loss >15 
mL/kg, continues drainage of blood >3 mL/kg/hr for more than 4 hours or an infected 
hemothorax usually 5–7 days after injury [77].

Pneumomediastinum
In blunt chest injury in children pneumomediastinum is a sign of potential injury to 
the tracheobronchial tree, esophagus or vascular injury. It gives a streaky appearance 
on the radiograph, and it often extends beyond the pleural space into the neck or the 
abdomen. Pneumomediastinum in the absence of radiographic or clinical evidence of 
other thoracic injuries does not routinely require further investigations and resolves 
with no intervention [71, 72].

7.5.8 Tracheobronchial injuries

Tracheobronchial ruptures are rare occurrences in pediatric chest injuries that carry 
a 30% mortality with half of the deaths occurring within 1 hour of injury [86–88]. 
Generally they are a result of anterior-posterior compression of the flexible chest wall. 
The sternum is forced against the spine, displacing the lungs laterally and disrupt-
ing the tracheobronchial tree at the carina [86, 88]. Other mechanisms include direct 

Tab. 7.5.2: Chest drain tube size by age-based guidelines [58].

Age Chest drain size 
(French gauge)

0–12 months 12–16

1–5 years 16–20

5–10 years 20–24

10–15 years 24–28
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tracheal injury or the “tracheal blast” effect when intratracheal pressure rises rapidly 
against a closed glottis from chest compression [85, 89]. Usually there is complete 
rupture of the trachea or bronchi with associated vascular and esophageal injuries 
mostly within 2.5 cm from the carina [86, 88].

Symptoms range from minimal to hemothorax, pneumomediastinum, hemo-
ptysis and subcutaneous emphysema. This type of injury should also be suspected 
when a pneumothorax fails to resolve after tube thoracostomy, a continuous air leak 
develops or a persistent pneumomediastinum is present [81, 85, 86]. Rib fractures are 
present in a quarter of children [81, 86]. Whilst chest radiographs and CT scans may 
show a pneumothorax, they rarely demonstrate a clear disruption of the trachea or 
bronchus [82, 86]. Bronchoscopy aids the diagnosis and localization of the injury and 
may permit passage of an endotracheal tube beyond the injury for ventilation [81, 85]. 

Management depends on the size of the injury and the ability to adequately 
ventilate the child. Injuries involving less than one-third of the diameter of the bron-
chus may be treated non-operatively depending on the respiratory status of the child  
[81, 85]. 

More significant injuries require thoracotomy and repair using interrupted 
absorbable sutures applied with minimal tension while knots should be tied outside 
the lumen. The repair can be reinforced with a vascularized tissue buttress. In a 
tracheoesophageal injury a muscular (Sternocleidomastoid) or pleura flap between 
the injuries can be utilized to prevent a fistula formation. Complications include 
bronchopleural fistulas, bronchial stenosis and persistent pulmonary sepsis  
[57, 81, 85, 91].

7.5.9 Esophageal injuries

The esophagus is well protected, as it lies deep within the mediastinum, making  
esophageal injuries rare in chest trauma. There is often a delay in diagnosis and other 
associated injuries. Esphageal perforations are most rapidly fatal injuries of the gas-
trointestinal tract [89]. Blunt trauma is a rare etiology as the esophagus can decom-
press into the stomach, is flexible and compliant [78]. 

The three proposed mechanisms of injury in blunt trauma are rapid rise in intra-
luminal pressure against a closed glottis from a severe blow to the upper abdomen; 
deceleration injury, causing disruption of the blood supply, leading to ischemia and 
subsequent perforation; and “blast effect” injury from concomitant tracheal injury. 
Most cases are due to impact from steering wheels [57].

Transmitted pressure from the stomach may cause either Mallory-Weiss bleeding 
(if the lower esophageal sphincter is closed) or the more sinister Boerhaave syn-
drome, characterized by perforation of the lower esophagus into the left chest cavity 
(if the upper esophageal sphincter is closed). The espophagus has no serosal cover, 
therefore any perforation leads directly into mediastinum or pleural space [46]. 
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Also negative intrathoracic pressure pulls the esophageal contents (bacteria and 
enzymes) and air into the mediastinum or pleural space leading to pneumomedias-
tinum, pneumothorax and subcutaneous emphysema. This then results in rapidly 
progressing mediastinitis, abscesses and sepsis leading to multi-organ failure and 
death [44–46].

Penetrating injuries may also cause esophageal injuries if they are transthoracic 
[46]. Injury at the level of the neck usually presents with local pain, swelling and dys-
phagia [70]. In the mediastinum it may present with chest pain, fever, sub-cutaneous 
emphysema, dysponea and vomiting, circulatory failure and pneumothorax. Chest 
radiographs may demonstrate a pneumothorax, pneumomediastinum, pleural effu-
sion and subcutaneous emphysema, but can also be normal in 12%–33% of cases  
[62, 70, 83].

The signs and symptoms are non-specific in the child with multiple injuries 
and one has to be vigilant for the rare possible esphageal injury to avoid diagnostic 
delay [46].

Investigations include water-soluble contrast study and/or endoscopy. Most 
injuries should be detected by oesophagram, however if there are any on going 
concerns endoscopy should be performed. Both have high false negative rates [57]. 
Salivary amylase in the chest drain would be highly suggestive of an esophageal 
perforation [70].

The treatment depends on the nature and the location of the injury. It includes 
non-operative management, esophageal exclusion and diversion or primary repair. 
The preferred management is primary esophageal repair within 24 hours of the injury. 
This has been performed safely even in delayed diagnosis [89]. Children with medi-
astinitis should have exclusion of the esophagus with concomitant wide mediastinal 
drainage [89]. Contained esophageal perforations without evidence of mediastinitis 
may be managed non-operatively. 

7.5.10 Diaphragmatic injuries

Traumatic disruption of the diaphragm, occuring in 1% to 2% of children, is generally 
the result of blunt trauma. The diagnosis remains challenging and delays in diagno-
sis occur in 15% to 77% of patients [84]. The majority is left-sided, however the right 
side may sustain more unrecognized injuries. They generally result from high velocity 
injury, such as from motor vehicle collisions and falls from a height and require a 
considerable amount of force. Associated intra-thoracic, intra-abdominal as well as 
extra-truncal injuries are common [45, 46]. 

The clinical presentation varies according to the associated injuries and may be 
difficult to separate from concomitant chest and abdominal injuries. Signs include 
respiratory distress, chest pain, absent breath sounds on the affected side and bowel 
sounds in the chest. An isolated diaphragmatic rupture can be easily misdiagnosed, 
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as children may have no external evidence of trauma with only minimal findings on 
physical examination. In children diaphragmatic rupture more commonly occurs 
along the periphery of the diaphragm, most likely due to the increased pliability 
of the thorax in young children Herniation of abdominal viscera into the thorax is 
common and may lead to strangulation.

Diagnosis is made on an erect chest radiograph (Fig. 7.5.6), which typically shows 
the nasogastric tube in the stomach above the diaphragm. However the appearance 
of the stomach below the diaphragm does not exclude a diaphragmatic rupture. 
Other radiological findings suggestive of a diaphragmatic injury include an elevated 
diaphragm, gastric or bowel gas patterns in the chest or an indistinct diaphragma-
tic contour. Other imaging modalities include contrast studies to demonstrate the 
stomach or bowel traversing the diaphragmatic defect. Fluoroscopy and ultrasound 
may be used to assess diaphragmatic movement with paradoxical or impaired motion 
being suggestive of diaphragmatic injury. When imaging is non-diagnostic for a dia-
phragmatic hernia, but there is a high clinical suspicion, laparotomy, laparoscopy or 
thoracoscopy should be considered [45, 46].

The diaphragm can also be injured in penetrating injuries to the lower half of the 
chest or the upper abdomen. Whilst this rarely leads to herniation in the acute phase, 
an undiagnosed hole can result in long-term complications. This should be repaired 
via a laparotomy given the high frequency of associated liver, spleen or bowel 
injuries. In delayed diagnoses the repair is generally performed through the chest  
[84, 92–98].

Fig. 7.5.6: Example of a radiograph of a left-sided diaphragmatic rupture with mediastinal  
shift to the right.
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7.5.11 Great vessel injuries

Blunt injuries to the thoracic aorta and great vessels are rare in children but are lethal 
if missed. The majority of blunt aortic injuries die at the scene of the injury or during 
transport. About a third of those who reach hospital die within 6 hours making expe-
dient evaluation mandatory [99–102].

The most common causes are motor vehicle accidents and falls from height. The 
abdominal aorta rather than the thoracic aorta is more commonly involved in restrai-
ned as compared to unrestrained children [57, 99–104]. The typical location of the 
injury is at the aortic isthmus distal to the left subclavian artery at the ligamentum 
arteriosum. Clinical findings suggestive of aortic injury include first rib and sternal 
fractures, paraplegia, upper extremity hypertension or lower extremity pulse deficits. 
On chest radiograph a widened mediastinum, loss of the normal aortic contour, devi-
ation of the course of the nasogastric tube and first rib fractures would suggest aortic 
injury and further imaging should be performed with either a helical chest CT, tran-
sesophageal echocardiography (TEE), intravascular ultrasound (IVUS) or aortic arch 
arteriography [46, 57, 99–104].

Operative repair remains the standard therapy with aggressive preoperative blood 
pressure control with beta-blockers to reduce shear on the aortic wall to decrease 
the risk of free rupture [100, 102, 103]. In cases where concomitant injuries preclude 
thoracotomy, delayed aortic repair, endovascular stent grafting or expectant manage-
ment can be considered [100, 102, 103]. If the aortic repair is delayed because of con-
comitant injuries aggressive blood pressure control and serial CT scans are required 
to monitor changes in the aortic hematoma [105, 106]. 

In children with minimal aortic injuries (small intimal flaps) or in situations in 
which the child has a limited life expectancy due to other injuries non-operative 
management has been used [106–107].

Other great vessel injuries (pulmonary vessels, superior and inferior vena cavae, 
proximal carotid, subclavian, innominate arteries) are extremely rare [46, 57].

7.5.12 Heart and pericardium

In children cardiac injury is a rare occurrence with blunt trauma. Penetrating trauma 
can involve the heart and/or the great vessels resulting in severe hemorrhage and 
cardiac tamponade with a large and rapidly lethal hemothorax. 

Cardiac injuries include concussions, contusions and frank rupture of the myo-
cardium, a valve, a septum and rarely a coronary artery [44–46]. Pericardial tears 
leading to herniation of the heart often present with a diminished cardiac function 
and a low output state. Occult structural cardiac injuries (i.e. atrial or ventricular 
septal defects, valvular insufficiency and ventricular aneurysm formation) can also 

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



7.5 Trauma   225

occur and present without physiologic signs of injury. Often, these injuries are iden-
tified only after a new murmur or a change in the electrocardiogram (ECG) is noted. 
Echocardiography can assist to confirm the diagnosis. 

Another rare condition is commotio cordis, most commonly seen in teenagers 
(mean age, 12 to 13 years) as a result of non-penetrating chest wall impact in the 
absence of any identifiable injury to the heart or chest wall. It is commonly associated 
with sports such as baseball, hockey, football and lacrosse. Defibrillation may be life-
saving [53].

Myocardial contusion
Myocardial contusions are the most common type of cardiac injury in children with 
blunt chest trauma. They produce focal damage to the heart that can be seen his-
tologically, unlike myocardial concussions, and often have an associated chest wall 
injury [46, 107].

Cardiac contusions have a full spectrum of presentation and outcomes, ranging 
from simple electrocardiogram (ECG) or cardiac enzyme abnormalities to fatal 
arrhythmias, myocardial pump failure with hypotension and cardiac rupture. They 
may not be apparent for the first 6–12 hrs, but the majority will present within the first 
24 hrs, as the injured muscle becomes ischaemic by 18–24 hrs secondary to stagnant 
blood. Therefore most life-threatening cardiac contusions present either initially or 
within 48 hrs. The necrotic muscle is then replaced with fibrous vascularized scar 
tissue over a period of weeks making the heart susceptible to dysfunction, arrhyth-
mia, aneurysm formation, rupture and thrombus formation. 

Many diagnostic tools for cardiac contusions have been proposed including 
serial blood pressure, echocardiography, electrocardiography, cardiac isoenzymes 
(CPKMB, troponin I) and nuclear imaging, but there is no definitive diagnostic test. 
A 12-lead ECG is the simplest test and may be normal or show T-wave inversion, ST 
ischemic changes, varying degrees of heart block and supraventricular and ventri-
cular arrhythmias. However it is difficult to predict clinical outcome based on these 
changes. Tropinin I has been found to be more sensitive than CPK-MB for diagnosing 
cardiac contusions [110, 111].

Echocardiography is useful in symptomatic cardiac contusions to demonstrate 
reduced ejection fraction, localized systolic wall motion abnormalities and areas of 
increased end-diastolic wall thickness and echogenicity [44–46, 107, 108]. 

Antiarrhythmic agents may be needed for persistent arrhythmias and inotropic 
drugs may be needed to restore blood pressure and perfusion [44–46].

A hemodynamically stable child in normal sinus rhythm with suspected blunt 
cardiac injury is unlikely to develop a serious arrhythmia or pump failure [107, 108].

The management of myocardial contusions is supportive, treating any hypoten-
sion or disrythmia as required. Patiens should be managed with cardiac monitoring, 
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serial electrocardiogram and cardiac enzymes and echocardiogram in case of any 
arrhythmia or unexpected hypotension.

Complications are rare, however, and include mitral or tricuspid insufficiency or 
ventral septal defect mandating follow up for these patients [44–46, 107, 108].

Myocardial rupture and valve injury
The majority of cases of myocardial rupture result in rapid death and are due to high-
energy impacts such as motor vehicle collisions or falls from great height. The right 
ventricle is the most common site of rupture. The child will present in extremis with 
pericardial tamponade. Early diagnosis and repair is key for survival from these lethal 
injuries [44–46]. Traumatic atrial or ventricular septal defects may present with a 
new murmur only. Valvular injuries may also occur but are rare. The atrioventricular 
valves are most commonly affected with damage to the valve apparatus (i.e. annulus, 
ruptured chorda tendinae or papillary muscle). Elective repair is an option in clini-
cally stable patients [46, 107].

Pericardial tamponade
Cardiac tamponade is the result of blood entering the pericardial sac resulting in 
limited diastolic filling and reduced cardiac output, either as a result of blunt or pene-
trating trauma. As the pericardium is fibrous and non-pliable a small amount of blood 
can have a dramatic effect.

In children this may present with a range of clinical signs including tachycar-
dia; peripheral vasoconstriction. Beck’s triad of jugular venous distention, persistent 
hypotension unresponsive to aggressive fluid resuscitation and muffled heart sounds 
may be difficult to appreciate. Children have short fat necks making jugular veins 
difficult to see and much thinner chest walls allowing more transmission of cardiac 
sounds [45, 46].

This diagnosis should be considered in any child with persistent hypotension 
despite fluid resuscitation and adequate ventilation. Investigations include FAST 
scan, echocardiography and chest radiograph which may show an enlarged globular 
heart shadow. 

7.5.13 Resuscitative thoracotomy

Immediate resuscitative thoracotomy can be a dramatic and potentially life-saving 
procedure, when performed in children with penetrating trauma who arrive pulsel-
ess, but with myocardial electrical activity. However it has little utility in children with 
cardiac arrest following blunt trauma with a reported survival rate of 2.3% from the 
four largest case series. Therefore in children with cardiac arrest after blunt trauma 
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resuscitative thoracotomy should be limited to those who arrive in the hospital with 
vitals signs and have a witnessed arrest [111–115].

7.5.14 Pitfalls in pediatric thoracic trauma

There are a number of pitfalls in pediatric chest trauma.
–– The extent of the chest injury is commonly underestimated at the initial survey 

because of little external evidence of injury and equally on the supine chest 
radiograph.

–– Excessive fluid resuscitation can aggravate pulmonary contusion and edema.
–– Adequate analgesia and chest physiotherapy are key to preventing the retention 

of secretions, which can lead to pulmonary infection.
–– Iatrogenic damage can occur as part of emergency (and faulty) procedures such 

as endotracheal intubation, chest drain insertion and central line insertion.

7.5.15 Conclusion

Thoracic trauma is the second most common course of trauma mortality in child-
ren. It generally occurs as part of multisystem trauma in the pediatric population 
with increasing frequency owing to high-speed travel and violence. In multisystem 
trauma, chest trauma usually is a marker of increased injury severity and resulting 
in increased mortality. Most of the chest trauma can be managed conservatively or 
by tube thoracotomy. Early diagnosis and management is key to improving outcome. 

A primary survey should address the life-threatening injuries adhering to basic ATLS 
principles. Often there are few if any external markers of injury with non-specific clinical 
signs and investigations can easily miss or underestimate the severity of injuries. There-
fore it is important to have a high index of suspicion for potential intra-thoracic injuries 
based on the mechanism of injury and the understanding of a child’s response to trauma.

Active exclusion of the six lethal injuries on primary survey and the six potential 
life-threatening injuries on secondary survey can guide the thorough assessment and 
management of the child with thoracic trauma. 

Any rib fractures in a child under the age of 3 years without an adequate mecha-
nism of injury should be considered as a potential, non-accidental injuries.

The top three causes of child mortality from unintentional injury are road traffic 
collisions (32%), drowning (17%), and burns (9%), which are all preventable. 

To achieve this will require the concerted efforts of government, civil society and 
advocacy of the medical profession. Prevention of road traffic collisions in particular 
will decrease pediatric trauma in general and therefore will also lead to a reduction of 
thoracic injuries in children.
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8.1 Introduction

Besides several main topics, thoracic surgery also covers a diversity of diseases 
and procedures, which cannot be summarized under one single heading. Among 
those, Juan Tovar from Madrid updates the variety of treatment options for pleural 
empyema. Marija Stojkovic and Thomas Junghanss from the Department of Clinical 
Tropical Medicine in Heidelberg comment on the topic of lung echinococcosis, which 
is contributed by Akin Kuzucu from Turkey. The age-related etiology of chylothorax 
requires different measures in terms of diagnosis and treatment. The German neona-
tologists Anja Bialkowski and Christian F. Poets discuss the congenital chylotho-
rax, while the pediatric surgeons Bethany J. Slater and Steven S. Rothenberg focus 
on the aquired variant. Open as well as video-assisted procedures for thymus-related 
diseases are presented by Lan Vu and Hanmin Lee from San Francisco. Jose Ribas 
Milanez de Campos and Hugo Veiga Sampaio da Fonseca share their experien-
ces in treating hyperhidrosis, while Markus Krüger adds comments to this particular 
chapter of the two Brazilian thoracic surgeons.

Juan A. Tovar

8.2 Empyema (including lung abcess)

Pleural surfaces are lubricated by a minimal amount of clear fluid that facilitates 
displacement with minimal friction during respiration. This fluid is filtered from the 
pleural capillary network and reabsorbed by the lymphatic vessels. Disturbances 
in the balance between secretion and reabsorption cause pleural effusion and this 
can happen in various clinical conditions. In the presence of infection, the effu-
sion turns into “empyema” and the fluid becomes purulent with bacteria, fibrin and 
other debris.

In most cases pneumonia is at the origin of empyema that, for this reason is 
known as “parapneumonic”. Purulent effusions can also have other origins like 
esophageal perforation, mediastinitis, subphrenic sepsis or postoperative infection. 
These are not considered in the present chapter.

In the past, pneumonia was a leading cause of morbidity and mortality both in 
adults and children and, although the advent of antibiotics dramatically changed 
the results of its treatment, it still remains a serious problem. A proportion of child-
ren with pneumonia develop pleural effusions that may evolve into empyema. For 
unknown reasons, the incidence of empyema is increasing in industrialized coun-
tries and the etiology of the infection shifted from Streptococcus pneumoniae, the 
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more common germ isolated in the past, to Staphylococcus aureus, Streptococcus 
pyogenes or Pseudomonas aeruginosa, Klebsiella or other Gram negative and anero-
bic bacteria that became more prevalent due to the widespread use of antibiotics 
[1]. The nature of the pleural infection with abundant bacteriolysis and the frequent 
use of antibiotics prior to thoracentesis explain why the majority of samples reco-
vered do not yield positive cultures. PCR studies, however, have shown that Strepto-
coccus pneumoniae and Staphylococcus aureus remain the most prevalent germs in  
children [1].

Bacteria reach the pleural space from the infected lung (rarely from a ruptured 
lung abscess) and attract leukocytes that secrete pro-inflammatory cytokines, par-
ticularly Interleukin-8 (IL-8) and Tumor Necrosis Factor-α (TNF-α). These further 
permeabilize capillaries and pleural surfaces and cause imbalance of the sequence 
secretion/reabsorption. 

In a first, exudative stage (stage I), pleural fluid is clear or thin, has a pH above 
7.20, glucose above 60 mg/dL and a lactic dehydrogenase (LDH) less than three times 
the maximum normal serum level (<1000 U/L). Unless adequately treated, pleural 
effusion progresses into the fibrinopurulent stage (stage II). Bacteria coming from 
the infected lung are more abundant in the fluid and massive migration of leukocytes 
occurs. This stage is characterized by progressive secretion of inflammatory mediators 
with increased pro-coagulant activity and decreased fibrinolysis. The fluid becomes 
purulent and fibrin clots and peels line the surfaces creating isolated spaces with pro-
gressively thicker walls or septa. At this stage, the fluid has a pH below 7.20, glucose 
below 60 mg/dL and LDH higher than three times the maximum normal serum level 
(>1000 U/L) [2].

Finally, if still not successfully treated, empyema enters into stage III or the orga-
nization stage in which proliferation of fibroblasts in the fibrin depositions takes 
place and collagen synthesis generates thick scar tissue that perpetuates pleural 
septation while entrapping the lung and limiting its expansion and function [3]. 

Probably all patients with pneumonia have pleural effusions but in the vast majo-
rity of them these resolve under appropriate treatment without further complications. 
However, in some cases, fever does not go away under antibiotic therapy and pleu-
ritic pain and/or respiratory difficulty may appear. Percussion and auscultation may 
indicate pleural involvement and plain X-rays of the thorax demonstrate the presence 
of fluid in the pleural space, particularly when they are taken in lateral decubitus 
(Fig. 8.2.1). In cases in which bronchopleural fistula has occurred as a consequence 
of lung necrosis and abscess, pyo-pneumothorax is apparent. Pleural thickening and 
scoliosis are also visible in the late phases of the process. Round hollow areas deli-
mited by a thin shell (pneumatoceles) are visible in the parenchyma in some cases of 
Staphylococcus pneumonia.

The introduction of intercostal ultrasonography (US) facilitated early detection 
and assessment of the amount of clear pleural fluid during the exudative stage. US 
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imaging also demonstrates thick strands of fibrin and loculations during the fibrino-
purulent stage (Fig. 8.2.2) and lung entrapment in the late, organization stage.

Other imaging procedures may occasionally be indicated, but certainly not in all 
patients and not in the early phases of the disease [4]. A CT-scan is useful for accura-
tely locating closed spaces difficult to drain percutaneously, but it involves conside-
rable irradiation (equivalent to 20–400 plain X-rays films) and tends to overrate the 
severity of the disease. It should hence be restricted to complicated cases and to those 
in which drainage is difficult because of multiple loculation [1, 5].

Knowledge of the natural course of pleural empyema should guide the thera-
peutic decisions. The exudative phase is reversible and can respond to appropriate 

(a)

(c)

(b)

(d)

Fig. 8.2.1: Plain X-ray of the thorax showing basal pneumonia with parapneumonic Stage I effusion 
on the left in a 3-year old boy. (a) at presentation, (b) 48 hours later. The amount of fluid increased 
greatly, as better shown by the film taken lying on the left side (c). Intercostal ultrasonography or US 
(d) shows a fluid rim of more than 10 mm.
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antibiotic treatment alone. This should be directed empirically to the usual germs: 
i.v. Ampicillin 250–300 mg/kg/day in four doses or G-Sodium Penicillin, 300,000–
400,000 IU/kg/day in six doses are preferred at the beginning, adjusting drugs to bac-
teriologic findings when available [6].

In most children with simple parapneumonic effusion, pyrexia and fever 
disappear and little attention is given to the pleural fluid. Only if the fever persists, 
pleuritic pain and/or respiratory difficulty develop, is assessment of the amount of 
fluid by plain X-rays or US indicated. When the rim between the thoracic wall and 
the lung exceeds 10 mm, thoracentesis at this stage may help to assess the nature of 
the effusion. Falling pH, glucose in the fluid and the presence of germs upon Gram 
staining are suggestive of progression towards fibrinopurulent stages and may indi-
cate, together with clinical signs, dyspnea and persisting fever, drainage during this 
phase of “simple empyema”. However, thoracentesis is indicated only in a proportion 
of patients and therefore, measurements of pH, glucose, LDH or Gram staining are of 
little help in many other cases.

When, in spite of adequate treatment, pyrexia and fluid persist, more than one 
thoracentesis would be necessary. In these cases, intercostal drainage is certainly pre-
ferable to multiple taps [1]. Pediatricians, pneumologists, intensive care specialists or 
invasive radiologists take charge more often in these first phases of the treatment of 
empyema, and pediatric surgeons are rarely involved at this stage. US-guided inser-
tion of Fr10–12 soft drains using a guide wire introduced through a needle (Seldinger 
technique) is preferred. Unidirectional drainage with underwater seal is mandatory, 
and meticulous care of the tube is applied.

When the effusion reaches the fibrinopurulent stage, the empyema is con-
sidered “complicated” and requires more active treatment since, unless drained 

A

(a) (b)

Fig. 8.2.2: Intercostal US in a child with pleural fibrinopurulent, Stage II parapneumonic effusion. 
Large rim, thick peel and loculation are clearly shown.
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and cleansed, it might end up causing fibrosis and lung entrapment. Intravenous 
antibiotic therapy should then be based on Cefotaxime (200–300 mg/kg/day in 
four doses in addition to either Cloxacillin 150–200 mg/kg/day in four doses or 
Clyndamycin 30–40 mg/kg/day in four doses) [6]. Intercostal insertion of a 10–14 
F drain is often sufficient for adequate drainage. It is generally placed in the mid-
axillary line at the level of the fifth or sixth intercostal space in order not to inter-
fere with the comfort of the child. US or CT-scan information may indicate other 
locations or more drains.

The ideal setting for insertion of the drain is the operating room and sedation or 
general anesthesia is mandatory. The tube should be connected to an underwater seal 
and aspiration of no more than −20 cm H2O is considered to be beneficial. Milking 
and irrigation of the tube are necessary to clear out the debris that might otherwise 
obstruct it. The tube is removed when there is minimal drainage and the symptoms 
fade away. This happens in most fibrinopurulent empyemas although in some cases 
drainage and hospitalization have to be maintained for a relatively long period of 
time.

For this reason and because drainage alone may be insufficient due to locula-
tion and drain obstruction, the treatment of stage II and stage III “complicated” 
empyema evolved into other modalities of treatment: video-assisted thoracoscopic 
surgical (VATS) drainage and cleansing of the pleural space or fluidification of the 
fibrin inflammatory debris by chemical treatment (fibrinolysis).

The introduction of VATS in the 90s had a huge impact in the treatment of 
empyema in adults and children. Direct view of the inflammatory lesions facilitated 
taking down the septa, extracting the peels, reducing the bacterial charge and appro-
priately irrigating and draining the thorax. A 5-mm port located at the mid-axillary 
line on the fifth or sixth intercostal space (unless imaging indicates a better loca-
tion) is used for the 30° lens, and aspirator-irrigator and forceps are introduced by 
two or more 10-mm additional ports. The septa are taken down, the peel is separated  
(Fig. 8.2.3) and extracted, the pleural space is generously irrigated and the lung is 
freed, creating, if possible, a single cavity in which to optimally locate the drain or 
drains.

The advocators of VATS claimed that, since general anesthesia was most often 
used for simple intercostal drain insertion, accurate pleural cleansing and positio-
ning of the tubes were better achieved under vision with a relatively minor invasion. 
In spite of VATS being a formal thoracic operation under general anesthesia with the 
consequent risks of hemorrhage, nerve or lung lesions and air leaks, this approach 
rapidly gained the favor of pediatric surgeons and pediatricians, who for the first time 
had the opportunity to view the nature and the extent of the pleural inflammatory 
environment. In addition, some randomized pediatric studies showed that VATS was 
superior to simple drainage in terms of length of drainage, hospital stay and need for 
additional fibrinolysis [7, 8].
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However, fluidification and cleansing of the exudates has been widely attempted in 
the past by irrigating the infected pleural space with diluted bleach and other anti-
septics and the availability of new and more effective agents able to dissolve fibrin 
clots (fibrinolytics) rejuvenated this approach. After draining the fluid through the 
intercostal tube, a solution of streptokinase, urokinase or human tissue plasminogen 
activator (alteplase) is injected and left for some hours with the tube clamped. After a 
new period of drainage, the procedure is repeated several times in the ensuing days.

Streptokinase is an enzyme secreted by several species of Streptococcus that is able 
to activate human plasminogen and trigger plasmin proteolytic cascade that lyses fibrin 
clots. For the treatment of empyema it is injected at doses of 70–120 mL of a solution 
of 250,000 IU/100 mL, clamping the tube for the ensuing 4 hours, re-establishing the 
drainage under suction and repeating the procedure daily for 4 or 5 days.

Urokinase is another plasminogen activator originally isolated from human urine 
that is administered as a solution containing 1000 IU/mL in sterile saline in boluses 
of 40 mL (10 mL in patients below 10 kg). The tube is clamped for 4 hours and drai-
nage resumed under negative pressure for the next hours. The treatment is repeated 
twice a day for 3 days. Unfortunately, urokinase is not available in all countries and 
particularly, not in the US.

A recombinant version of human tissue plasminogen activator (alteplase) is injec-
ted through the tube at a dose of 4 mg in 40 mL of sterile saline, followed by tube 
clamping for 1 hour and re-establishment of the drainage under suction until the next 
day. The procedure is repeated two more times.

Only a few randomized studies addressed the issue of the superiority of fibrinoly-
sis over drainage and cleansing alone in children with pleural empyema. One of them 
did not show substantial advantage using streptokinase but the other one showed 
significantly better results with urokinase [9, 10].

It appears therefore that both fibrinolysis and VATS are more effective than drai-
nage and irrigation alone as the first approach for complicated empyema in children. 
A retrospective analysis of the existing evidence showed that VATS could have some 

Fig. 8.2.3: Picture taken during thoracoscopy for 
Stage II fibrinopurulent pleural empyema in a 
child. The thick peels and inflammatory material 
are being irrigated, aspirated and prepared for 
extraction. The involvement of both parietal and 
visceral pleural surfaces is clearly displayed. 
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advantages but the degree of evidence met by randomized comparisons was not met 
by such analysis [11]. Level-A evidence-based studies were therefore mandatory to 
compare these approaches. 

To our knowledge, only four controlled, prospective, randomized studies have been 
carried out in children to this day. The first one included 30 patients each in two VATS 
and urokinase fibrinolysis branches and concluded that there were no differences in 
the results but also that VATS was significantly more costly [12]. The second one studied 
27 patients in each of the streptokinase or VATS branches and showed that VATS was 
significantly superior in terms of time until removal of the chest tube, hospital stay and 
duration of symptoms. In exchange, VATS was again significantly more costly [13]. The 
third study used either alteplase fibrinolysis or VATS in two groups of 18 patients each 
and could not demonstrate any difference between both groups except for the hospital 
costs, which were again higher in the VATS branch [14]. Finally, the fourth multicenter 
study was carried out on children below 15 years with septated empyema and inclu-
ded 53 treated by VATS and 50 with urokinase fibrinolysis. There were no differences 
between groups and the overall hospital stay was longer than in the other previously 
quoted studies probably because only stage III patients were included [15]. 

Therefore, in the present state of knowledge, both fibrinolysis and VATS are 
equally effective for the treatment of pleural empyema in children. However, taking 
into account that VATS is a major and more costly operation, drainage and fibrino-
lysis should be the preferred first approach for this condition [16]. VATS may still 
be indicated when drainage cannot be accomplished after appropriate fibrinolytic 
treatment.

Persistent broncho-pleural fistula or lung abscess should be treated whenever 
possible with antibiotics, appropriate drainage and fibrinolysis. Operative measu-
res may be unsuccessful due to the necrotic-inflammatory environment met in such 
cases [5].

Major open operations for decortications are very rarely indicated in children 
except in cases in which multiple loculations with sepsis and severe lung encasing, a 
very unlikely event, compromise survival. In rare instances, persistent bronchopleu-
ral fistula might justify such treatments. Under such circumstances, thoracotomy, 
cleansing, closure of fistula and appropriate drainage achieved good results [17, 18]. 
With the current therapeutic protocols this is an extremely rare event. 

The plasticity of the thorax and intra-thoracic organs in children accounts for 
the scarcity of functional sequelae in cases of empyema. A recent study on lung 
function in children treated for empyema showed only minimal FVC%, FEV1 and 
FEV1/FVC in comparison with controls. Empyema children did not show any diffe-
rence in maximal exercise capacity [19]. In another study performed on 26 children 
after a mean of 8 years post-empyema treatment, there was no functional impair-
ment, spirometry was normal in 80% and although X-rays were minimally abnormal 
in 36% and minimal MRI residuals were found in 82%, the functional significance 
was negligible [20].
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Akin Kuzucu

8.3 Echinococcosis

8.3.1 Introduction

Parasitic diseases are important causes of morbidity and mortality in humans 
worldwide. Although most parasites that affect the lung are endemic to tropical and 
subtropical regions, immigration and travel practices have resulted in transfer of these 
diseases to other areas. Echinococcosis is one of the most geographically widespread 
zoonoses in the world. Human echinococcosis occurs as a result of infection by cesto-
des of the genus Echinococcus. Four Echinococcus species are known to be pathogenic 
for humans. The two most important of these are E. granulosus and E. multilocularis, 
which cause cystic echinococcosis (CE) and alveolar echinococcosis (AE), respectively. 
The other two species that affect humans are E. vogeli and E. oligarthus. These cause an 
infestation known as “polycystic echinococcosis” and are of minor importance.

8.3.2 Cystic echinococcosis

The most common tapeworm condition of the lung is cystic echinococcosis (CE), 
or “hydatid disease,” caused by E. granulosus. This illness is concentrated in 
sheep-raising areas, such as the Mediterranean region, eastern Europe, Africa, South 
America, the Middle East, Australia, New Zealand and China (Fig. 8.3.1). Although, 

High endemic areas Rare/sporadic
Probably absent
Not applicable

Present
Suspected

Fig. 8.3.1: Distribution of Echinococcus granulosus worldwide (Copyright© WHO).
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the numbers of infections in animals and humans have decreased with time as a 
result of education and various control measures, CE continues to be an important 
public health problem in many countries.

8.3.2.1 Life cycle and morphology
Like all cestodes, E. granulosus requires two different host species to complete its 
life cycle. The definitive hosts are dogs and other canine carnivores, and the inter-
mediate hosts are a variety of warm-blooded vertebrates (e.g. sheep, cattle, goats, 
pigs, camels and humans). The adult worms inhabit the small intestine of the defi-
nitive host and do not make the host ill. The adult worm releases eggs within the 
intestine, and these pass out with the definitive host’s feces. Humans may become 
infected with E. granulosus accidentally through contact with this final host (usually 
a dog), particularly during playful close contact between children and dogs, or via 
ingestion of food or fluids that are contaminated with egg-containing feces. After an 
Echinococcus egg is ingested by the intermediate host, the embryo (known as the 
oncosphere, or first larval stage) is released into the host’s gastrointestinal tract. 
Embryos then embed in the lining of the tract, and ultimately penetrate the mucosa 
and enter the mesenteric vascular system. They undergo blood-borne distribu-
tion in the portal circulation, and most embryos lodge in the intermediate host’s 
liver. Each embryo then transforms to a cystic metacestode (second larval stage) 
filled with fluid. Each of these cysts is surrounded by the host’s reactive tissue, 
known as a pericyst. Inside the pericyst, the cystic metacestode (endocyst) has an 
acellular outer wall or “laminated membrane” and an inner layer or “germinative 
membrane” that is a monolayer of viable pluripotent cells. While embedded in the 
viscera, brood capsules and protoscolices bud from the germinative membrane of 
some metacestodes (Fig. 8.3.2).

When a dog (or other definitive/final host) ingests a cyst in viscera of the inter-
mediate host, the protoscolices are released from the cyst. These attach to the dog’s 
intestinal wall, develop into mature adult tapeworms, and complete the life cycle. 
Since the life cycle relies on carnivores eating infected herbivores, humans are usually 
a “dead end” for the parasite and do not play a role in the biological cycle.

8.3.2.2 Pulmonary involvement 
Most embriyos become trapped in the hepatic sinusoids, and therefore 70% of echi-
nococcal cysts form in the liver. Embryos that bypass hepatic filtration enter the lung 
via the right circulation (hepatic vein, inferior vena cava, and pulmonary arteries). 
They either complete their cystic transformation in the lung or else pass through via 
the pulmonary vascular system and develop in another organ. Alternative pathways 
for this parasite to enter the lung are the lymphatic circulation or via a portocaval ana-
stomosis in the portal system. As well, pulmonary or intrathoracic extrapulmonary 

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



8.3 Echinococcosis   243

involvement can occur secondary to intrathoracic rupture of cysts from the dome of 
the liver. 

The lung is the second most common site of E. granulosus lodgment, with inci-
dence varying between 15% and 30% [21, 22]. Much less frequent sites are the spleen, 
kidneys, orbit, heart, brain and bone, which account for approximately 10% to 15% 
of cases combined [22]. E. granulosus infestations may be acquired in childhood; 
however, because of the slow-growing nature of echinococcal cysts, most liver and 
lung cysts become symptomatic and are diagnosed in adulthood. 

Most patients with CE have single-organ involvement and harbor a solitary 
cyst. In rare cases, primary echinococcosis develops in intrathoracic extrapulmo-
nary structures, such as the pleural cavity, mediastinum, and chest wall. If a echi-
nococcal cyst in the liver ruptures into the inferior vena cava, or a echinococcal 
cyst in the right ventricle ruptures, this can lead to secondary echinococcosis in 
the form of cyst/s, and potentially subsequent embolism and endovascular echi-
nococcosis [21, 23, 24]. In rare cases, massive embolism of the pulmonary arteries 
occurs [21]. 

8.3.2.3 Clinical presentation
The clinical presentation of pulmonary CE depends on the size and location of the 
cyst/s, and whether these structures are intact or ruptured. Most small intact echi-
nococcal cysts in pulmonary tissue remain asymptomatic. Large echinococcal cysts 
are more likely to cause chest pain, cough, or dyspnea by compressing the lung 

Pericyst
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Fig. 8.3.2: Echinococcal cyst and its components.
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parenchyma and surrounding tissues. In young patients, the lesions can expand 
asymptomatically until they reach giant size (>10 cm in diameter) because the remai-
ning healthy lung tissue is able to provide sufficient ventilation. 

With complicated pulmonary CE (i.e. ruptured cysts), the clinical picture is vari-
able and depends on the nature of the perforation. Echinococcal cysts in lung tissue 
can rupture into the pleural space or into a bronchus. Perforation into a bronchus can 
lead to expectoration of vomit-like cystic fluid and remnants of parasite-derived cyst 
wall. Rarely, complete expectoration of the cystic contents can result in spontaneous 
cure. However, in most cases, solid remnants of the collapsed endocyst are left in 
the cavity and become a source of recurrent bacterial infection. Purulent sputum and 
fever are strong indicators of bacterial infection of the cyst cavity, including pericystic 
lung tissue or abscess formation, situations that can result in sepsis. In some cases, 
ruptured CE causes severe complications, such as massive hemoptysis or anaphyl-
actic shock. 

In contrast to perforation into a bronchus, rupture of a echinococcal cyst into 
the pleural cavity usually causes pneumothorax, pleural effusion, or empyema. Cyst 
rupture into the pleural cavity can also result in tension pneumothorax, secondary 
larval spread, or allergic and anaphylactic reaction [25]. Pneumothorax almost always 
indicates the presence of a bronchopleural fistula.

8.3.2.4 Diagnosis
Cystic echinococcosis is usually diagnosed based on a combination of (1) identification 
of the cyst/s through various imaging techniques, (2) results of serological tests, (3) 
identification of protoscolices or hooks of E. granulosus by microscopic examination, 
(4) analysis of DNA markers in the cyst fluid or cyst wall (e.g. by polymerase chain 
reaction [PCR]), (5) macroscopic or histopathological detection of the pathognomo-
nic structure of a cyst obtained through surgery or biopsy, and (6) history of possible 
exposure. Most cases of pulmonary CE are diagnosed from incidental radiographic 
findings on routine chest radiography.

8.3.2.5 Imaging-based approach
Most cases of CE are initially detected by finding cysts using different imaging tech-
niques. Ultrasonography plays an important role in the diagnosis of abdominal CE. 
For this reason, ultrasonography-based classification systems have been developed 
to correlate CE cyst stages with natural history. According to the staging system of 
the WHO Informal Working Group (WHO-IWG), these cysts are classified as active 
(CE1 and CE2), transitional (CE3) or inactive (CE4 and CE5) [26]. Even though CE cyst 
staging systems have been developed for liver cysts, this classification also applies 
for echinococcal cysts in other organs. Today, the terms “complicated” (ruptured) and 
“uncomplicated” (unruptured) have been widely adopted for CE cysts of the lung. The 
WHO-IWG CE staging system may be used to replace these terms and help standardize 
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clinical trials and treatment recommendations. Many radiologic findings of CE of the 
lung are similar to those of CE of the liver. However, in CE of the lung, chest radiogra-
phy and chest computed tomography are preferred over ultrasonography for staging, 
and in contrast to hepatic cysts, pulmonary cysts usually do not calcify, and daughter 
cyst formation is rare. 

On X-ray films, uncomplicated (CE1 stage) cysts appear as homogeneous, dense, 
round or oval lesions that have well-defined borders, are between 1 cm and 20 cm in 
diameter, and are surrounded by normal lung tissue (Fig. 8.3.3 A). Computed tomo-
graphy (CT) reveals the fluid contents within an intact echinococcal cyst (CE1 stage) 
(Fig. 8.3.3 B). On CT images, the cyst wall, which represents the combined pericyst 
and endocystic wall, ranges in thickness from 2 mm to 1 cm. Cyst fluid usually appears 
close to the attenuation of water.

If the pericyst communicates with the tracheobronchial tree, air enters and diss-
ects the pericyst and endocyst structures, producing radiographically visible air 
between the pericyst and the detached wall of the endocyst. This radiological appea-
rance is known as a meniscus or air crescent sign (Fig. 8.3.4 A), an inverse crescent 
sign, or a signet ring sign. Each of these indicates detachment and is believed to be 
a harbinger of impending rupture of the endocyst (CE3a stage). If the cyst has ruptu-
red, separation of the cystic membrane creates a wide spectrum of radiologic images. 
If the ruptured cyst communicates with the tracheobronchial tree, some of the fluid 
evacuates and air enters the space between the pericyst and the laminated membrane 
causing an air-fluid level. In some cases, the cyst wall appears to be crumpled and 
floating on top of the residual fluid, resulting in the well-recognized water lily or cama-
lote sign (CE3a stage) (Fig. 8.3.4 B). The appearance of collapsed membranes inside 
the cyst with a serpentine configuration or with a twirled and twisted configuration 

(a) (b)

Fig. 8.3.3: (a): Chest radiograph showing a well-defined, circular opacity surrounded by normal lung 
tissue in the left lower lung lobe (CE1 stage). (b): A computed tomography scan demonstrating a 
large solitary cyst and atelectasis in the pericystic lung tissue (CE1 stage).
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(a) (b)

Fig. 8.3.4: Chest radiograph revealing the air crescent sign (CE3 stage) (a) and a ruptured 
echinococcal cyst with a water lily sign (CE3a stage) (b).

Fig. 8.3.5: A computed tomography scan showing a ruptured echinococcal cyst containing detached 
membranes inside the cystic cavity (the as whirl (or spin) sign (CE3a stage).

after partial expectoration of cyst fluid is called the serpent (or snake) sign or spin 
(or whirl) sign, respectively (CE3a stage) (Fig. 8.3.5). Several other radiological signs 
of CE on CT and magnetic resonance imaging (MRI) have also been described. These 
include the rim sign, air bubble sign, Cumbo’s sign, cyst wall sign, ring enhancement 
sign, and halo sign. 

A ruptured cyst may not have the characteristic imaging appearance of an echi-
nococcal cyst. The inflammatory reaction in tissue adjacent to the lesion may mask 
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the ruptured cyst, and the overall radiologic appearance may not be indicative of the 
lesion. In some cases, the cyst membranes liquefy and the pericyst thickens (CE4 and 
CE5 stages). In this situation, the typical cystic nature may be lost and the radiologi-
cal appearance on plain films may be similar to that of a bacterial lung abscess. CE4 
stage cysts may give an appearance of a ball of wool sign, indicating the degenerative 
nature of the cyst (Fig. 8.3.6).

On MRI, T1-weighted images of echinococcal cysts show hypointense cystic 
content and an isointense wall relative to cyst content, whereas T2-weighted images 
show hyperintense cystic content and a hypointense wall [22]. However, currently, 
MRI is not frequently used for diagnosing pulmonary CE. 

Bronchoscopy can be a useful diagnostic tool in challenging cases where a rup-
tured pulmonary echinococcal cyst does not have the characteristic clinical and 
radiologic appearance (CE4 and CE5 stages), [27]. If a ruptured cyst membrane causes 
occlusion in the bronchial system, it may be possible to visualize and eliminate the 
cyst remnants using bronchoscopy. 

8.3.2.6 Laboratory tests
In the diagnosis of echinococcosis, laboratory tests are complementary to clinical 
findings and radiological studies. In most instances, eosinophilia can be normal or 
slightly increased and generally only occurs if the cyst is ruptured and there is leakage 
of antigenic material. As therapeutic puncture or diagnostic puncture are contrain-
dicated in CE of the lung, direct diagnostic methods, such as examination of cyst 

Fig. 8.3.6: A cyst with heterogeneous contents, in particular the so-called “ball of wool sign” (CE4 
stage).
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contents/fluid, are not performed frequently. Direct examination can only be done 
after surgical intervention or fine-needle biopsy in suspected cases of complicated 
cases that have not been definitively diagnosed.

In the past, intradermal testing (Casoni and Weinberg’s respective complement 
fixation tests) was widely used to diagnose echinococcal disease, but these assays 
are rarely used currently because of low sensitivity and specificity. Today, several 
immunodiagnostic tests are available that can be used to confirm a clinical diag-
nosis; however, there are two main categories of problems with test methods that 
involve crude E. granulosus antigens: (1) false-positive results occur in the presence 
of other helminth infections, cancer, and immune disorders, and (2) false-negative 
results occur due to poor antigen presentations. Serology is less likely to be positive 
if the cysts are intact, calcified or nonviable, and children more frequently exhibit 
negative serology. False-negative results can also occur because of the location of a 
lesion. It is important to note that CE of the lung is more likely to be accompanied 
by false-negative serology than CE of the liver [28]. The most widely available tests 
confirm the diagnosis in 80% to 94% of hepatic CE cases, and in 65% of pulmonary 
CE cases [29].

Enzyme-linked immunosorbent assays for immunoglobulin G (IgG-ELISA), 
indirect hemagglutination antibody test (IHAT), latex agglutination test (LAT), and 
immunofluorescence antibody test (IFAT) are the immunological methods most 
commonly used in diagnosing echinococcosis. In all of these tests, cross-reactivity 
may be observed, particularly in cases of CE and alveolar echinococcosis (AE). The 
Echinococcus western blot IgG may be used to exclude cross-reactivity in positive sera. 
This assay correctly differentiates between CE and AE; however, cross-reactivity is not 
completely excluded [30]. 

It is accepted that immunodiagnostic tests do not replace clinical and radiologi-
cal diagnosis; these tests are considered helpful diagnostic adjuncts and are useful, if 
necessary, for follow-up of operated or medically treated patients. Increased antibody 
titers may be detected even in patients with active cysts (CE1 and CE2 stages) who are 
negative prior to surgical intervention. Specific antibodies are known to increase as 
early as the first week after surgery and generally reaching a maximum toward the 
end of the first month [31]. In such cases, the titers decrease slowly over 12–18 months 
post-surgery [29]. 

8.3.2.7 Surgical treatment
Surgery is the main treatment for pulmonary CE, as the parasite must be eliminated 
to achieve a complete cure. In patients with pulmonary CE, the principle of surgery 
is to preserve as much lung tissue as possible. It is important to always use the 
most conservative surgical methods possible, and removal of all parasitic material 
and closure of bronchial openings is usually adequate treatment, even if a patient 
presents with giant cysts, multiple cysts, or lung abscess. Radical resection of the 
lung must be avoided unless the pulmonary parenchyma is seriously damaged or 
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infected, or atelectatic areas are assessed as irrecoverable. In some cases, it can be 
difficult to determine the optimal surgical procedure when a giant echinococcal cyst 
has compressed a considerable amount of lung parenchyma for a long period. Such 
a decision may have to be made in the operating room. The parenchyma around an 
echinococcal cyst is often affected by the lesion and may exhibit chronic congestion, 
hemorrhage, bronchopneumonia, or interstitial pneumonia. These inflammatory 
changes in the lung tissue often resolve after surgical cyst removal. Patients with 
cystic lesions tend to show good recovery of lung tissue after surgery. Considering 
this, the size of cyst/s, number of lesions, and presence of infection should not be 
considered indications for radical resection, such as lobectomy. In particular, child-
ren and adolescents with CE usually have excellent pulmonary tissue capacity for 
lung expansion after surgery.

Lung-conserving approaches when treating pulmonary CE include pericystotomy 
and enucleation of the endocyst, aspiration-pericystotomy and removal of the endo-
cyst with or without capitonnage, or pericystectomy. Regardless of the surgical pro-
cedure performed, spillage of cyst contents must be avoided to prevent intraoperative 
dissemination of protoscolices and eventual recurrence. During surgery, once a cyst 
is identified it is surrounded by pads soaked in 10% povidone-iodine or hypertonic 
saline solution to protect the operatory field from spillage and subsequent seeding of 
new cysts. Hypertonic saline solution is the preferred agent, as it is considered to have 
scolicidal properties. If enucleation is planned, the pericyst is opened, careful blunt 
dissection is performed between the pericyst and the endocyst, and the cyst is enu-
cleated entirely. During the dissection, the airway pressure is lowered to prevent the 
cyst from protruding through the pericystic opening. This procedure carries high risk 
for cyst rupture and dissemination, and is generally preferred when treating small 
cysts only. 

Another option once a cyst is identified is to aspirate the echinococcal fluid with 
a wide-bore needle. In this procedure, the pericyst is opened after aspiration, and 
then the entire cystic membrane is removed. In both of the two approaches, once 
the surgeon is certain that all cystic membrane has been removed, large bronchial 
openings are closed, the cavity is irrigated with normal saline solution, and the 
cavity is obliterated with separate purse-string sutures. These are placed from the 
deepest level to the surface of the cavity (i.e. capitonnage). Some authors suggest that 
capitonnage offers no benefit with respect to outcome [32], but this technique is the 
safest way to avoid prolonged air leakage and to protect the cavity from infection and 
abscess formation. In pericystectomy, endocysts are removed together with the host-
derived capsule (pericyst). This procedure carries high risk of intra and postoperative 
complications such as bleeding or prolonged air leakage, and greater loss of paren-
chyma in which the cyst is situated.   

Bilateral pulmonary CE can be managed with either a one- or two-stage surgery 
involving bilateral thoracotomy, or with median sternotomy. When bilateral thora-
cotomy is performed in patients with bilateral uncomplicated pulmonary CE (i.e. no 
ruptured cysts), it is best to first treat the side with the larger cyst/s or greater number 
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of cysts. If there is a ruptured cyst on one side and an intact cyst on the other side, the 
intact cyst is treated first unless the ruptured lesion is causing urgent serious symp-
toms. In selected cases, lung and liver cysts may be treated during the same operation 
via thoraco-phrenotomy. 

Recently, some reports have described video-assisted thoracic surgery in the 
treatment of pulmonary CE in selected patients [33, 34]. In these cases, the tho-
racoscopic approach is performed using the same principles as are followed with 
the open technique: protecting tissues from contamination, completely removing 
all parasitic contents, and closing any bronchial openings that are present. Pati-
ents who have small cysts or ruptured cysts that pose minimal risk of spillage may 
be favorable candidates for video-assisted thoracic surgery. The main advantage 
offered by thoracoscopy is less trauma and discomfort for the patient. However, 
information about long-term outcomes is needed before this procedure can become 
widely accepted.

8.3.2.8 Medical treatment
According to WHO Informal Working Group on Echinococcosis (WHO-IWGE) guideli-
nes [35], chemotherapy is indicated for inoperable primary liver or lung CE, for pati-
ents with multiple cysts in two or more organs, for patients with peritoneal cysts, and 
to prevent secondary echinococcosis. Two benzimidazole compounds, mebendazole 
and albendazole, are the only effective drugs for treating uncomplicated echinococcal 
cysts, and as an alternative to surgery. Mebendazole is given at a dose of 40–50 mg/
kg/day in three divided doses after meals (maximum daily dose 6 g). Albendazole 
is given at a dose of 10–15 mg/kg/day in two divided doses (maximum dose 800 mg 
daily). These two drugs are benzimidazole carbamates, and this treatment is most 
often administered in 3- to 6-month cycles [35]. Benzimidazole carbamates have 
inhibitory effects on glucose uptake, which leads to depletion of glycogen storage, 
degenerative alteration in the germinal layer, and cellular autolysis. Albendazole is 
usually preferred for chemotherapy owing to its higher bioavailability, the lower daily 
doses required, and its better efficacy overall. Praziquantel, an isoquinolone, has also 
been proposed as a treatment for CE at a dose of 40 mg/kg orally once weekly, and 
concomitant with benzimidazoles [35]. Praziquantel has been used alone and in com-
bination with albendazole; however, the efficacy of praziquantel as primary chemo-
therapy for CE is not clearly defined [36].

In general, small isolated cysts surrounded by minimal adventitial reaction 
respond best to medical therapy, whereas complicated cysts that have multiple 
compartments or daughter cysts, or those that have thick or calcified surrounding 
adventitial reactions are relatively refractory to treatment. Drug penetration of echi-
nococcal cysts is negatively correlated with the thickness of the pericystic fibrous 
capsule. For this reason, children respond to medical treatment better than adults 
do. Research has shown that 50% to 70% of patients with CE show some degree 
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of response to medical management [30]; however, the reported cure rates in this 
patient group are only 10% to 30% [30]. It has been suggested that the larger the 
diameter of the cyst, the greater the possibility that medical treatment will fail and 
tend to be complicated. Relapses after chemotherapy have been observed in 14% to 
25% of patients with pulmonary CE [30]. Some authors have noted that pulmonary 
CE and cysts in younger patients relapsed less frequently than hepatic cysts and 
cysts in older patients [37]. 

Overall, medical treatment is generally not considered a reliable way of eradi-
cating E. granulosus and is a long and tedious process that carries considerable risk. 
Anthelmintic therapy causes degenerative changes in the endocyst wall, which could 
increase the likelihood of rupture. The incidence of degenerative changes in pulmo-
nary CE treated with albendazole is approximately 80% [37, 38]. The fundamental 
issue is not the efficacy of anthelmintic therapy for pulmonary CE, but whether this 
form of treatment leads to complications. In some cases, if a cyst does rupture but the 
cyst membrane and contents are completely expectorated, then the patient may be 
cured. Even if the parasite dies due to the drug and there is no acute, serious compli-
cation, the cyst membrane will usually remain in the cavity. This cavity often leads 
to secondary bacterial infection and other complications, which are associated with 
more problematic surgeries and postoperative courses, and longer hospital stays than 
uncomplicated cases [25, 39]. 

The timing of pulmonary CE cyst rupture after initiation of anthelmintic treat-
ment is reported to vary considerably, from 10 days to 2 months [39, 40]. Clearly, any 
patient who receives medical therapy for these cysts must be followed closely for at 
least 2 months with careful monitoring for serious complications that could require 
emergent intervention. The WHO-IWGE also suggests that medical and laboratory 
examinations should be conducted for adverse reactions such as neutropenia, alope-
cia, and liver dysfunction [35]. These problems can be severe and irreversible, and the 
WHO-IWGE recommends that these assessments be done every 2 weeks initially, and 
then monthly [35]. It is important to note that close follow-up is usually not possible 
in cases of CE because these patients tend to be from rural areas where medical care 
is distant and often inadequate. When considering how to proceed with a case, all the 
potential problems with medical treatment should be weighed carefully.

Several reports have suggested percutaneous treatment of pulmonary CE as 
an effective alternative to surgical treatment in selected patients with this disease. 
However, in general, percutaneous aspiration of pulmonary cysts has been conside-
red too high-risk because of (1) the possibility of cyst rupture associated with any 
puncture, and (2) complications related to rupture. According to WHO-IWGE guideli-
nes, percutaneous drainage of an echinococcal cyst (a procedure referred to as PAIR: 
puncture, aspiration, injection, re-aspiration) is considered to be contraindicated for 
pulmonary CE [35]. The safety and efficacy of percutaneous treatment are related to 
the anatomical site of the cyst. The PAIR method is mainly used in the treatment of 
hepatic and extrahepatic abdominal echinococcal cysts. 
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Each organ afflicted with CE has its own associated symptoms and therapeutic 
requirements. It is generally agreed that, regardless of whether symptoms are present, 
the first-line treatment for pulmonary CE is surgical, and medical therapy should only 
be used to prevent recurrence or in patients who cannot tolerate surgery. Close follow-
up is recommended at 6-month intervals for at least 5 years [21]. 

8.3.3 Alveolar echinococcosis  

There is less human exposure to E. multilocularis than to E. granulosus, but the precise 
extent of AE is unknown. For humans, E. multilocularis is the most pathogenic species 
of Echinococcus, and causes a potentially fatal, chronically progressive infestation. 
The life cycle is similar to that of E. granulosus, but the definitive and intermediate 
hosts involved are usually wild animals. The life cycle of E. multilocularis involves 
wild canines, usually foxes and wolves, as definitive hosts, and mainly rodents as 
intermediate hosts. Despite this parasite’s predominantly sylvatic life cycle, domestic 
animals, such as dogs and cats, may also become infested and can transmit this agent 
to humans. 

E. multilocularis, also known as alveolar echinococcosis, is more common in 
colder areas, such as the Arctic and some regions of Asia and west-central Europe. 
The primary anatomical location of this agent is the liver. Isolated extrahepatic loca-
tions (e.g. spleen, peritoneum, lung, vertebra, brain, kidney, heart, adrenal gland, 
and muscle) account for only 2% to 4% of all cases [41, 42]. Primary lung involvement 
is reported to be extremely rare [41–43]; however, E. multilocularis tends to spread to 
the lung and other organs in approximately one-third of affected patients via infiltra-
tion and metastatic formation [41]. 

A characteristic feature of AE is its exogenous, tumor-like proliferation that leads 
to infiltration of the affected organ/s, and to severe disease and even death in pro-
gressive cases. The prevalence of this disease is lower among children. Based on case 
data that the European Echinococcosis Registry (EurEchinoReg) surveillance network 
collected from 11 countries of western and central Europe and Turkey, the proportion 
of affected patients younger than 20 years is 2.1% (12/559) and the median age is 56 
years (range, 5–86 years) [41]. 

Clinical symptoms of AE usually follow a long asymptomatic period (i.e. 5 to 15 
years), and primarily include some clinical patterns that typically suggest digestive 
and hepatic disorders. Pulmonary symptoms, such as chronic cough, chest pain, 
hemoptysis, almost always occur after hepatic involvement.

Essentially the same radiological and serological procedures are used to diagnose 
CE and AE. Treugut et al. studied 20 cases of pulmonary involvement of E. multilocu-
laris and described two radiological forms [44]: (1) a form with multiple ill-defined 
irregular lesions (up to 3-cm diameter) lying peripherally, some with stippled calcifi-
cation; and (2) a form caused by liver disease penetrating the diaphragm and giving 
rise to various changes in the right lung base. Serological tests are more reliable for 
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diagnosing AE than CE. The diagnosis can be confirmed by parasite identification in 
surgical or biopsy material.

When possible, the treatment for AE is total resection (i.e. removing the entire 
lesion from the liver and other affected organs by following the rules of radical 
tumor surgery). In cases where this is not feasible, long-term medical treatment with 
albendazole (in most cases lifelong) is the alternative. Even after complete excision, 
a minimum 2-year course of chemotherapy is recommended, and a minimum of 10 
years of monitoring for possible recurrence is advised [35]. 

Marija Stojkovic, Thomas Junghanss

Comment

Echinococcosis is filed under the so-called Neglected Tropical Diseases (NTSs). Where 
the disease is prevalent, patients have limited access to care; where it is rare – in 
most rich countries – patients continue to encounter health care facilities with limited 
experience in the management of echinococcosis [45, 46]. 

Worth reiterating over decades because of its importance for patient management: 
Echinococcus (E.) granulosus and E. alveolaris are taxonomically close relatives, they 
cause, however, entirely different diseases:  Cystic echinococcosis (CE) grows by pres-
sure atrophy, alveolar echinococcosis (AE) by cancer-like infiltration and necrosis of sur-
rounding tissues. Of importance for thoracic surgeons: AE of the lungs is extremely rare 
and almost entirely due to distant metastases or infiltrative expansion of hepatic AE [45]. 

Not much progress has been made over the years in CE/AE serological diagnostics. 
Lack of sensitivity of serological tests – very prominently in pulmonary CE – and cross-
reactivity between CE and AE still causes mis- and over-interpretation of serological 
results. Differentiation between CE and AE may be possible with specific immunoblot 
patterns, but largely relies on imaging. If this fails, confirmation requires material of the 
lesion for microscopy, molecular methods, and histopathology which is a problem in 
pulmonary CE/AE. On imaging of the liver AE pseudocysts (large necrotic cavities) with 
transdiaphragmatic growth should not be confused with true CE cysts (which have a cyst 
wall with a smooth inner lining). Among the differential diagnoses of pulmonary air-
filled space, occupying lesions TB caverns are worth mentioning. Asymptomatic pulmo-
nary CE cysts are regularly discovered through CXR screening for active TB in immigrants.

Search for antigens suited for serological follow-up of CE-patients after interven-
tions, e.g. surgery, has so far been unsuccessful. Follow-up to confirm cure or detect 
relapses remains in the realm of imaging.

In imaging substantial progress has been achieved, most importantly in staging 
CE cysts. The WHO cyst classification is increasingly valued as a tool for treatment 
decision and criteria have been developed to assign treatment modalities to cyst 
stages [45, 47]. Of major benefit to patients is accumulating evidence that WHO CE 4 
and CE 5 cysts do not need any treatment at all if uncomplicated and yearly follow-up 
is guaranteed for 5–10 years (watch & wait) [45, 47].
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Fig. 8.3.7: ‘‘Best case’’ of CT/MR imaging. CE1: unilocular, simple cysts with liquid content and often 
with the CE1-specific ‘‘double line sign’’, CE2: multivesicular, multiseptated cysts, CE3a: cysts with liquid 
content and the CE3a-specific detached endocyst, CE3b: unilocular cysts with daughter cysts inside a 
mucinous or solid cyst matrix, CE4: heterogenous solid cysts with degenerative, CE4-specific canalicular 
structure of the cyst content, and CE5: cysts with degenerative content and heavily calcified wall. 
�doi:10.1371/journal.pntd.0001880.g004 [48]

WHO cyst classification is ultrasound-based and was primarily developed for hepatic 
CE cysts. By and large it can, however, be translated into CE cysts of any organ including 
the lungs. With the known limitations of ultrasound in the assessment of pulmonary 

CE1
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CE2 CE3a CE3b CE4 CE5

Fig. 8.3.8: ‘‘Worst case’’ of CT/MR imaging. The ‘‘double line sign’’, typical for CE1 is often seen in 
US (CE1/US, arrow), less reliably in MRI and CT. Daughter cysts and detached endocyst (‘‘water-lily-
sign’’) is often missed by CTs, but clearly visible in US and MRI (see CE2, CE3a, arrows). Daughter 
cysts inside a solid cyst matrix are often not recognized by CT (CE3b, arrows). The CE4-specific 
canalicular structure is often not visible on CT images. These cysts may be misinterpreted as type 
CE1 cysts, i.e. staged ‘‘active’’ instead of ‘‘inactive’’. The identification of calcifications is the 
domain of CT imaging. MRI does not differentiate well between thick hyaline walls and calcifications. 
US picks up calcifications only when a dorsal echo shadow is produced (see CE5, arrows). MRI: 
HASTE sequence, CT: post contrast enhanced images. 
�doi:10.1371/journal.pntd.0001880.g005 [48]
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pathology, computed tomography (CT) is the commonly used alternative. CT does not, 
however, reproduce the critical features of CE cysts, most importantly pathognomonic 
signs for diagnosis and staging and fistulas [48, 49]. The shortcomings of CT have been 
shown for hepatic CE cysts (see figures below; from [48]) and are equally applicable to CE 
cysts of the lungs. In assessing pulmonary CE MRI is clearly superior to CT.

On the basis of CE cyst staging, treatment decisions have become more adapted 
to individual patient needs. Current recommendations are summarized in the WHO 
IWGE of 2010 [47] and in a tabular form in [45].

We have long known that drug treatment with benzimidazoles, preferably 
albendazole, is far from satisfactory, both with regard to efficacy and side effects. 
A European consortium has looked into the cyst stage dependence of the efficacy 
of benzimidazoles in hepatic CE and found that it varies widely across stages [50]. 
On the basis of these results, the evidence base of indications of benzimidazole has 
improved. Monitoring of liver function tests and leucocytes is a must during benzi-
midazole therapy. Apart from peri-interventional prophylaxis the evidence base for 
benzimidazoles in pulmonary CE continues to be poor and they need to be applied 
cautiously if at all; rupture of the cyst being the main problem.

CE sugery needs to be creative. There are three important rules that need to be 
obeyed [45]: 

The surgeon must be familiar with the architecture of CE cysts across stages – from unilocular 
highly active cysts filled with clear hydatid fluid which may be under very high pressure (WHO stage 
CE1) to completely consolidated inactive increasingly calcified cysts (WHO stage CE4 and CE5; 
which can mostly be left alone – watch & wait approach)

The content of CE cysts (endocyst and hydatid fluid-containing protoscolices in millions) has to be 
removed without contact with any of the patient’s tissues

and

�Intubation with a double-lumen endo-bronchial tube or an endobronchial blocker to avoid spil-
lage of hydadid fluid and solid cyst material into the contra lateral lung should a wide cysto-
bronchial fistul become patent during manipulation.

Anja Bialkowski, Christian F. Poets

8.4 Chylothorax in neonates

The diagnosis of chylothorax is usually made based on a pleural effusion charac-
terized by a triglyceride level >1.1 mmol/L (with enteral fat intake) and a cell count  
>1000/µl with an estimated lymphocyte fraction >80%. CCT is the most common type 
of pleural effusion in neonates with an estimated (not population-based) incidence of 
1:7.300 – 1:10.000. In our own population-based study, the incidence of CCT was only 
1:24.000, which is similar to that reported by Haines et al. for a chylothorax survey in the 
UK. A male/female ratio of 2:1 is reported in some studies, the reason for this is unknown. 
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The etiology of CCT is often unclear. Associations with congenital heart disease, 
chromosomal disorders (e.g. Down, Turner, or Noonan syndrome), prenatal infection, 
birth trauma, thrombosis of the superior vena cava or other malformations (e.g. primary 
congenital pulmonary lymphangiectasis) have been reported. Recently, Bellini et al 
reported physiologic and pathophysiologic dynamics of pleural effusion and chylothorax 
highlighting three basic mechanisms leading to pleural effusion: increased transpleural 
filtration pressure, impaired lymphatic drainage, and increased permeability.

In previous case series, mortality was around 15%–20%, whereas mortality in our 
cohort was 11% and largely explained by existing co-morbidities. Decreased morta-
lity may reflect more comprehensive pre- and postnatal management in recent years. 
Prenatal treatment consists of in utero pleural puncture or drainage to reduce the risk 
of lung hypoplasia, but the safety and efficacy of prenatal interventions yet needs to 
be elucidated. Postnatal treatment can be quite demanding for the medical team and 
often needs a very long time. As there are no generally accepted standardized guide-
lines published we here try to summarize the literature and our experience: if chy-
lothorax is known antenatally the neonatal resuscitation team should expect to find 
all levels of respiratory distress after delivery and therefore should be well prepared. 
In some cases drainage or at least puncture of the pleural effusion, sometimes even on 
both sides, immediately after delivery, will promptly help to reduce respiratory support 
parameters. After stabilization of the neonate there are several other supportive mea-
sures to be considered. In case of high fluid loss via the drainage, arterial hypoten-
sion can occur. Volume loss should be monitored and substituted continuously until 
chylothorax resolves. Substitution can be done with isotonic solutions but also with 
albumin, immunoglobins or antithrombin depending on their blood levels to reduce 
secondary complications (lymphopenia and hypogammaglobulinemia with the risk 
of developing systemic infection, hypoalbuminemia and thrombosis). Reduction in 
chylous production can also be attempted either by withholding enteral nutrition and 
providing total parenteral nutrition, or by feeding a medium-chain triglyceride diet. 

In our hospital we withhold enteral nutrition for one week and then re-evaluate 
chylous loss (if there is no drainage we monitor respiratory distress and ultrasound guided 
pleural effusion to decide the next step). If it is markedly reduced we would then start 
to feed the neonate with a medium-chain triglyceride diet. If there is still high chylous 
output via the drainage we either wait another week or start the neonate on octreotide.

In the past, beneficial effects of octreotide or somatostatine on chylous fluid 
production have been claimed in several case series. Published dosing regimens for 
octreotide and somatostatine are quite variable, reflecting insufficient knowledge 
on peptide hormone pharmacokinetics in infants with CCT. Our data suggest that 
patients treated with these drugs were more seriously ill, with significantly longer 
duration of pleural drainage and more infants with culture-positive sepsis or anti-
thrombin administration. However, efficacy of this treatment needs to be evaluated 
in a prospective interventional trial. 

If octreotide is used it can either be given iv continuously, most likely via a central 
catheter starting with 1 ug/kg/min and increasing up to maximum of 10 ug/kg/min every 
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day, or it can be administered i.v. or s.c. three times a day at a dose of (50–) 100 µg/kg/d 
(max 240 µg/kg/d). Safety of peptide hormone treatment has also never been prospec-
tively evaluated in newborns with CCT. So far, NEC, transient hypothyroidism, transient 
increases in liver enzymes and hyperglycemia have been reported in CCT infants treated 
with these peptide hormones. If the neonate is fully enterally fed with medium-chain 
triglyceride diet and chylothorax is resolved, there is the possibility to change back to 
breast milk or formula. The best time to exchange diets is not known but most centers 
aim for at least 4–6 weeks on medium-chain triglyceride diet before starting to exchange.

Several years prior to our study, we established a standardized treatment algo-
rithm at our institution, quite similar to the one recently reported by Downie et al. 
for CCT or by Panthongviriyakul et al. for post-operative chylothorax. But to date, no 
standardized approach has been evaluated prospectively and there is yet no evidence 
that this standardized approach results in improved outcome. 

In severe cases surgical treatment is sometimes necessary and needs to be dis-
cussed interdisciplinarily. Limits to define severe cases have not been established to a 
satisfying level so far. One option is to ligate the thoracic duct which can be done tho-
rascopically. Pleurodesis is another possibility to stop chylous effusion and is either 
done mechanically or chemically (with talcum, doxycyclin, povidone iodid, OK-432 or 
fibrin glue). The last option is to insert a pleuroperitoneal shunt. All these methods 
have so far not been examined in randomized prospective studies and there is also no 
evidence that they result in improved outcome.

In summary, congenital chylothorax is a disease which can be demanding for 
all involved participants. A standardized management is needed to attain the best 
outcome for every patient.

Bethany J. Slater, Steven S. Rothenberg

8.5 Aquired chylothorax

Cylothorax is a fairly rare disorder with a high morbidity and mortality rate if left untre-
ated [61]. The etiologies are variable consisting of both congenital and acquired causes 
(usually traumatic or post-operative). Postcardiac surgery accounts for 65%–80% of 
chylous effusions in children. In addition to direct injury of the duct, occlusion of the 
superior vena cava from thrombosis of external compression can lead to increased 
central venous pressure being transmitted back to the thoracic duct. The diagnosis is 
made with a chest X-ray demonstrating an effusion. Aspiration of the fluid reveals milky 
fluid in a patient who is being fed or clear fluid with a triglyceride level greater than 110 
mg/dL and lymphocytes greater than 80% of the white blood cells in a fasting patient. 

Initial management typically consists of placement of a chest tube to drain chyle 
from the pleural space and reduce compression of the lungs, keeping the patient NPO 
to decrease production of lymphatic flow, and possibly adding medication such as the 
somatostatin anologue, octreotide [62]. However, medical therapy is associated with 
a high failure rate and chyle loss can lead to serious metabolic, nutritional, volume, 
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and immunologic abnormalities. T cell depletion leads to cell-mediated and humoral 
impairment increasing the risk of bacterial and viral infections [63]. 

Chylothorax is a complex problem to manage, and treatment can be a difficult. 
While conservative therapy with chest tube drainage may be successful, it may be pro-
longed and result in long-term hospitalization and associated morbidity. Continued 
drainage and complications from loss of chyle are the main indications for surgery in 
children with chylous effusions. It is usually recommend to pursue surgical treatment 
if a chyle leak has not responded to conservative therapy after approximately 2 weeks. 
However, the method and timing of surgery remains controversial. 

Although there have been a variety of surgical procedures proposed for treat-
ment, such as mechanical or chemical pleurodesis or placement of a pleuroperito-
neal shunt, ligation of the thoracic duct has led to repeatedly successful results, and 
is those most frequently performed surgical procedure [64, 65]. Historically, ligation 
has been performed through an open thoracotomy, which leads to significant post-
operative pain and potentially future chest wall deformity. Recently, authors have 
published case reports and series demonstrating the safety and efficacy of the tho-
racoscopic approach to thoracic duct ligation [66–68]. We reported our experience 
with 21 patients with chylothoracies refractory to conservative management [69]. All 
cases were completed successfully thoracoscopically. Operative time ranged from 
20 to 55 minutes, and there were no intra-operative complications. One patient with 
congenital bilateral chylothoracies required a left partial pleurectomy. The chest tube 
duration post-operatively ranged from 4 to 14 days. Two patients failed the ligation 
and required a subsequent thoracoscopic pleurectomy and chemical pleurodesis res-
pectively. A combination of direct sealing, local pleurodesis, and fibrin glue applica-
tion resulted in successful sealing of the leak in all other cases. In a few of the cases, 
drainage did persist for up to a week, but then it diminished and sealed.

Surgical procedures are performed with the patient under general anesthesia and 
either left main-stem intubation or tracheal intubation and C02 insufflation. All proce-
dures are performed in the right chest with three ports. The patient is placed in a modi-
fied prone position with the right side elevated 30%–45%. Depending on the size of the 
child this can be accomplished with padded roles or a beanbag. An axillary role should 
be used in all cases. The right arm should be placed up toward the head. The surgeon 
and assistant are positioned on the left side of the table toward the patient’s front. The 
main monitor is placed on the right at the level of the lower thorax. The initial 4-mm 
port for the camera is placed in the 7th intercostal space in the posterior axillary line. 
A 3-mm port is placed in the mid axillary line approximately two–three interspaces 
below the camera port for a 3-mm Maryland. The final port (3 or 5 mm) is placed in the 
mid axillary line approximately at the level of the camera port. (Fig. 8.5.1) Ideally, these 
ports are placed so that the instrument tips will approximate a right angle (90 degrees).

The pleural cavity is insufflated with a low flow low pressure of CO2. All intra-
thoracic adhesions and the inferior pulmonary ligament are divided to allow the lung 
to completely expand at the end of the procedure and allow adequate exposure. With 
the added magnification and direct view afforded by the thoracoscope, the site of the 
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Fig. 8.5.1: Port placement for thoracoscopic thoracic duct ligation.

Thoracic Duct

Fig. 8.5.2: Intraoperative picture of the thoracic duct visualized with the thoracoscope.

chyle leak can often be visualized. If this is the case, the site of the pleural rent can 
be repaired with a tissue sealer device, suture ligature, or clips. If the site of the leak 
is not readily apparent, a blind ligation of the thoracic duct is performed at the level 
of the esophageal hiatus where the thoracic duct passes posterior and lateral to the 
esophagus. (Fig. 8.5.2, Fig. 8.5.3) There should be a marked decrease in the amount of 
fluid accumulating in the pleural space. Once the ligation is complete, a mechanical 
pleurodesis is performed, fibrin glue is inserted, and a chest tube is left. 
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Fig. 8.5.3: Intraoperative picture of a 3-mm sealer being used to seal the thoracic duct at the level  
of the esophageal hiatus where the thoracic duct passes posterior and lateral to the esophagus.

There is little morbidity from this minimally invasive approach. In addition, this 
technique affords excellent visualization and magnification of the posterior thorax, 
decreased post-operative pain and less pulmonary dysfunction. The success of this  
technique may warrant earlier surgical intervention, particularly when performed 
quickly and efficiently to avoid a prolonged anesthetic. Even if unsuccessful, there is 
little to be lost by an initial thoracoscopic approach.

Acquired chylothorax is a complex problem to deal with and treatment can 
be a difficult. There is a significant hidden morbidity because of the large fluid and 
nutritional losses associated high volume leaks. While conservative therapy with 
chest tube drainage is often successful it may be lead to long-term hospitalization and 
associated morbidity. Thoracoscopic ligation of the thoracic duct offers a more invasive 
but perhaps less morbid way of treating this disease. It can be performed even in post-
cardiac surgery patients. The site of the leak can be identified in the majority of cases 
and tissue sealing technology appears to be effective in sealing the duct. The minimally 
invasive nature of the procedure allows for early operation to avoid the often chronic 
and debilitating fluid and protein losses associated with a major chyle leak.

Lan Vu, Hanmin Lee

8.6 Thymus

Thymectomy was first recognized as a therapy for patients with myasthenia gravis 
(MG) in 1911, when Dr. Ferdinand Sauerbruch removed the thymus of a young 
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woman with hyperthyroidsims and myasthenia gravis. Twenty-five years later, 
Dr. Albert Blalock performed the first successful thymectomy of thymic tumor 
and further suggested the role of thymectomy in patients with nonthymomatous 
myasthenia gravis. He postulated that the thymus had a role in the pathogenesis 
of myasthenia gravis. We now understand myasthenia gravis as an autoimmune 
neuromuscular disorder, mediated by autoantibodies to the acetylcholine recep-
tor complex (AChR antibody positive). The antibodies are thought to originate in 
the hyperplastic germinal centers of the thymus. Myasthenia gravis is a hetero-
genous autioimmune disease and some patients who are AChR antibody negative 
have antibodies to another target on the surface of the muscle membrane, the 
muscle-specific receptor tyrosine kinase (MuSK). In addition, a small percentage 
of patients have seronegative myasthenia gravis (negative assays for both AChR 
and MuSK antibodies). The clinical manifestation of myasthenia gravis consists 
of fluctuating muscle weakness and fatigability in one or combination of different 
skeletal muscle groups (ocular, facial, limb, bulbar, and respiratory). The clini-
cal features and electrophysiologic findings are similar between seronegative and 
seropositive patients. 

The majority of patients with myasthenia gravis have thymic abnormalities. About 
60%–70% of patients with AChR positive disease have thymic hyperplasia. In addition, 
the incidence of thymoma is estimated to be 21% and more likely to occur in male patients 
and those where the onset of myasthenia gravis occurred after 40 years of age. However, 
there have been at least two case reports of thymoma in pediatric patients with myasthenia 
gravis. Thymectomy is mandatory in patients with thymoma. This chapter will focus on the 
role of thymectomy in management of nonthymomatous myasthenia gravis.

Juvenile myasthenia gravis is defined as onset of disease before 18 years of age. 
Based on age of onset, juvenile myasthenia gravis is subdivided into prepubertal and 
postpubertal types. The postpubertal group shares the same clinical and laboratory 
features of the young adult patients. The prepubertal group, on the other hand, has a 
higher rate of seronegativity, higher proportion of ocular only disease, higher rate of 
spontaneous remission, and an equal sex ratio [70]. The pathophysiology of the myas-
thenia gravis is similar between children and adults and therefore the management 
of juvenile myasthenia gravis is extrapolated from evidence published in the adult 
population with some key caveats that will be discussed. 

Medical management of myasthenia gravis follows these three main therapies: 
symptomatic treatment, chronic immunotherapy, and rapid immunotherapy. Initial 
therapy includes an oral actehylcholinesterase inhibitor, usually pyridostigmine, 
which prevents the degradation of acetylecholine at the neuromuscular junction, 
prolonging the effects of acetylcholine. Acetylcholinesterase inhibitors provide 
variable short-acting symptomatic relief and are most effective in improving limb 
and bulbar symptoms.  Most patients with generalized myasthenia gravis will need 
additional therapy. Immunomodulating agents have been successful in achieving 
disease remission in some patients. However, the severe adverse effects of chronic 
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immunomodulators including bone growth retardation and risk of adult osteoporosis 
with glucocorticosteroids and impaired fertility and late development of malignancy 
with azathioprine, mycophenolate mofetil, and cyclosporine, have limited their 
chronic use in pediatric patients. Rapid immunotherapies, plasmapheresis and int-
ravenous immune globulin, are also immunomodulators, but have a quick onset and 
transient benefit and therefore are only used in certain situations, such as myasthenic 
crisis, preoperatively to prevent a postoperative crisis, bridge to slower acting immu-
notherapies, and sometimes to maintain remission in patients whose symptoms are not 
controlled on chronic immunomodulators. 

Thymectomy has become widely accepted as long-term and sustainable therapy 
for myasthenia gravis. Remission is not immediate and has been shown to increase 
with longer duration of follow-up. The evidence for the benefits of thymectomy has 
been mostly based on class III observational case control or cohort studies. The pub-
lished studies have been limited by differing baseline characteristics of surgical and 
nonsurgical groups, the lack of blinding, variation in the surgical technique, and 
variation in follow-up [71]. The first prospective randomized trial comparing thymec-
tomy and no thymectomy in adult patients with nonthymomatous autoimmune gene-
ralized myasthenia gravis treated with steroids is currently underway, involving 70 
centers in 22 countries [72]. Of note, this trial excludes patient less than 18 years of age 
and studies only the transsternal approach to thymectomy and therefore, it is unclear 
if the results of this study would necessarily apply to the pediatric group of patients. 

Patient selection for thymectomy is important to consider. Most experts have 
recommended thymectomy within the first three years of diagnosis based on the 
observation that remission rates are greater when thymectomy is performed early 
after the onset of disease. However, in general, the percentage of patients who go 
into the remission is higher early in disease. Therefore it is unclear if thymectomy 
improves remission rates or remission occurs as the natural history of the disease. 
Given the fact that spontaneous remission occurs more frequently in prepubertal 
children with myasthenia gravis, thymectomy is only recommended for peripubertal 
and postpubertal children. The incidence of thymic pathology is more common in 
patients with AChR antibody positive disease and therefore, thymectomy is usually 
reserved for this group of patients.  However, one retrospective study did find compa-
rable remission rates in patients with AChR antibody positive disease and those with 
seronegative disease. The benefit of thymectomy was not seen in patients with MuSK 
antibody only positive disease.  The majority of studies on thymectomy for nonthy-
momatous myasthenia gravis have included only patients with generalized disease. 
There is a reported decrease rate of conversion from ocular only to generalized myas-
thenia gravis after thymectomy. Generally, in the pediatric population, thymectomy is 
recommended for postpubertal patients with AChR antibody positive and generalized 
disease within three years of the onset of symptoms. 

Minimally invasive approach for resection of benign anterior mediastinal disea-
ses was first introduced in the early 1990s. The goal of thymectomy is the removal 
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Tab. 8.6.1: Thymectomy for nonthymomatous myasthenia gravis: pros and cons of three  
approaches.

Technique Transsternal Extended Transcervical Minimally Invasive

First  
described

1911 19th century in infants and 
young children for concern of 
respiratory obstruction and 
sudden death; revived in mid-
1960s for treatment of MG

1994–1995

Extended sternotomy Cervical incision with use 
of manubrial retractor or 
mediastinoscopy

Right or left side approach, 
three ports

Pros Full exploration of 
anterior mediastinum 
into the neck

Shorter hospital stay compared 
to sternotomy

Small incisions, shorter 
hospital stay compared 
to sternotomy and 
transcervical approach

Cons Longer hospital stay 
from pain control 
and postoperative 
respiratory 
complications

Limited experience in pediatric 
patients; concern for inadequate 
access to the inferior anterior 
mediastinum

Concern for inadequate 
access to the superior 
anterior mediastinum

of all thymic tissue and the surrounding extracapsular mediastinal and cervical fat 
which may contain ectopic thymic tissue. The transsternal, extended transcervi-
cal, and videoscopic approaches have been shown to successfully achieve this goal, 
resulting in similar rates of remission and symptom relief in long-term follow-up 
and low operative mortality. The advantages of video-assisted thoracocopic surgery 
(VATS) include shorter hospitalization, lower respiratory morbidity, and better cos-
mesis compared to open technique (transcervical and transsternal) in the pediatric 
patients [73–75].

At our institution, thymectomy is primarily performed using VATS technique. The 
anterior mediastinum is accessed through the left side with the patient in the supine 
position and a bump under the left chest. The key steps to the VATS approach include 
1) identification and preservation of the left and right phrenic nerves, 2) identification 
and removal of the contralateral gland, 3) removal of cervical extension of the gland, 
and 4) ligation of arterial blood supply, which can be from the internal thoracic, infe-
rior thyroid arteries or both, and 5) avoiding injury to the innominate vein, where the 
thymic vein drains. 

Benign thymic pathology accounts for 3% of pediatric mediastinal masses. Giant 
thymic cysts can present with respiratory symptoms of upper airway compression. 
More often ectopic thymic cysts are incidentally discovered as neck masses. Thymic 
abscesses are rare in the pediatric patient, usually occurring from bacteremia or 

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



264   8 Miscellaneous infection

Video showing a thoracoscopic thymectomy.
https://www.degruyter.com/view/supplement/9783110419825_Thymectomy.mp4 

(a) (b) (c)

Fig. 8.7.1: Symptoms of primary hyperhidriosis.

infected thymic cyst. Approach to the anterior mediastinum in these patients depends 
on the severity of each individual patient’s presenting symptoms. 

Advances in the minimally invasive approach to nonmalignant thymic diseases in 
pediatric population have followed closely in the footsteps of adult patients. By minimizing 
the perioperative risks of thymectomy, video-assisted thoracoscopic surgery has become 
a viable option for treatment of juvenile myasthenia gravis in select patients. However, 
conclusive comparative studies to evaluate the different techniques are still needed. 

Jose Ribas Milanez De Campos, Hugo Veiga Sampaio Da Fonseca

8.7 Hyperhydrosis

8.7.1 Introduction

Primary hyperhidrosis (PH) is a somatic disorder that results from hyperfunction of 
the sympathetic nervous system [76]. It usually starts during childhood [77], has a 
symmetric distribution and a similar prevalence in both sexes and affects 2.8% of 
the population. PH can lead to social, professional and emotional problems that are 
associated with low levels of quality of life (QOL) [78]. 

The palmar and plantar regions are the most commonly affected sites in this 
age group. The mother usually notices the symptoms of PH, and when parents seek 
medical help, they cannot find data from the literature to help them make an objective 
decision regarding the best time to use surgical treatment (Fig. 8.7.1).

 EBSCOhost - printed on 2/11/2023 2:54 PM via . All use subject to https://www.ebsco.com/terms-of-use



8.7 Hyperhydrosis   265

Tab. 8.7.1: Effect of hyperhidrosis on QOL before starting treatment (n = 45).

QOL before treat (score) n (%)

Very poor 26 (57.8)

Poor (59–71) 19 (42.2)

Good (46–58) 0

Very good (33–45) 0

Excellent (17–32) 0

8.7.2 Clinical management

Oxybutynin is a cholinergic antagonist that is used to treat pollakiuria and hyper-
reflectory urine bladder, and it is generally used at a dose of 10 to 15 mg per day. In 
children, oxybutynin has been routinely used to treat urologic conditions, particu-
larly nocturnal enuresis. The first case reporting the collateral effects of oxybutynin 
in a man with urinary urgency was in 1988, which presented with a improvement of 
his symptoms of excessive sweating [79]. Many other reports were published [80–86], 
including with specific population such as children [87].

We did not use an objective measurement of sweating to evaluate the response 
to treatment because the methods available produce data at only a specific time 
[85]. There are no methods capable of evaluating the level of hyperhidrosis for an 
entire day. For this reason we suggest the child’s perception of QOL as a surrogate for 
objective improvements in sweating [87]. Further-more, the goal of any treatment for 
primary hyperhidrosis is to improve the patient’s QOL.

Considering that the main treatment for palmar and axillary hyperhidrosis is sur-
gical and that the side effects of such therapy are significant, oxybutynin represents 
a possible alternative. In a prospective, controlled, randomized, blind trial in 50 pati-
ents with axillary and palmar symptoms between 18–50 years old, a comparison of the 
effects in quality of life of Oxybutynin against placebo was performed [89]. Hyperhidro-
sis improved in more than 70% of patients, and 46,8% of those presented great improve-
ment. Plantar hyperhidrosis improved in more then 90%. Most patients (65%) showed 
improvements in their quality of life with minor side effects (dry mouth in 47%).

Short term results
In order to investigate the efficacy and impact in quality of life with the clinical 
use of Oxybutynin in children and adolescents, 45 persons between 7 and 14 years 
with palmar hyperhidrosis were evaluated before and 6 weeks after a clinical treat-
ment using a progressive dose of Oxybutynin until 10 mg/day using a validated  
QOL protocol [87]. Before treatment, the totality of patients related a poor or very poor 
QOL (Tab. 8.7.1), justifying the need for intervention.
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Tab. 8.7.2: Effect of treatment on clinical evaluation of palmar hyperhidriosis (n = 45).

Effect of treatment (score) n (%)

Worse (–) 0 (0.0)

No/slight improvement (0–4) 6 (13.3)

Moderate improvement (5–7) 17 (37.8)

Large improvement (8–10) 22 (48.9)

Tab. 8.7.3: Improvement in QOL after 6 weeks of treatment according to initial evaluatuion.  
*Fisher’s exact test.

Level of improvement (score) Initial evaluation p

Very poor
(n = 26), n (%)

Poor
(n = 19), n (%)

Much better (17–32) 14 (53.8) 4 (34.8) <0.001*

Slightly better (33–45) 7 (26.9) 11 (39.1)

Same (46–58) 5 (19.3) 4 (26.1)

A little worse (59–71) 0 0

Much worse (72–85) 0 0

The effect of treatment on the clinical evaluation of PH is presented in Tab. 8.7.2. More 
than 85% of children experienced improvement in hyperhidrosis, including 48.9% 
who experienced great improvement.

As shown in Tab. 8.7.3, the greatest improvements were observed in patients who 
initially classified their QOL as very poor. Approximately 80% of the patients who 
initially reported their QOL as poor or very poor had their condition much better or 
slightly better after treatment. None of the treated individuals reported deterioration 
in QOL after treatment.

As shown in Tab. 8.7.4, many of the patients reported clinical improvements at 
other sites of sweating after treatment. More than 50% of the patients reported a 
moderate or great reduction in sweating, regardless of the affected site.

The present results showed satisfactory outcomes of pharmacotherapy of hyper-
hidrosis in children. A clinical improvement in PH (slightly or much better) was obser-
ved in more than 85% of the children, which is superior to our previously reported 
results in adults [86, 90].

Oxybutynin yields good short-term results. It is a safe medication with limited 
tolerability because of antimuscarinic side effects, especially for doses exceeding  
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Tab. 8.7.4: Clinical Improvements in secondary sites of sweating. *Osmidrosis, abdomen and back, 
buttocks and legs, thorax.

Effect of treatment 
(score)

Plantar (n = 40), 
n (%)

Axillary (n = 7), 
n (%)

Osmidrosis (n = 5) Other (n = 4)*

Worse (–) 0 0 0 0

No or slight  
improvement (0–4)

15 (37.5) 2 (28.6) 2 (40.0) 0

Moderate  
improvement (5–7)

12 (30.0) 3 (42.9) 2 (40.0) 2 (50.0)

Large improvement 
(8–10)

13 (32.5) 2 (28.6) 1 (20.0) 2 (50.0)

Tab. 8.7.5: Comparing self-assessment improvement of the main site of hyperhidriosis at  
6 weeks of treatment and the last visit.

Improvement  
after 6 weeks

Improvement at last visit Total

Slight Moderate Great

Slight 0 (0.0)      0 (0.0) 0 (0.0) 0 (0.0)

Moderate 3 (5.1)    13 (22.0) 14 (23.7) 30 (50.8)

Great 2 (3.4)    11 (18.6) 16 (27.1) 29 (49.2)

Total 5 (8.5)    30 (50.8) 30 (50.8) 59 (100.0)

15 mg/day. The dose of 10 mg/day (for those weighting >40 kg) that we slowly and 
progressively reached in patients lowers the incidence of side effects (such as unbea-
rable dry mouth), as patients progressively adapt to the antimuscarinic effects of the 
medication, and improves treatment adherence, as opposed to regimens in which full 
doses are initially started.

Long term results
These findings encouraged us to research long-term use outcomes in a large cohort 
(97 patients) who initiated pharmacologic treatment [91]. The patients’ progress was 
monitored, and we focused on those who had a good initial response (6 weeks) and 
were treated for at least 6 months to investigate whether the improvement was main-
tained over the long term and whether tachyphylaxis occurred.

Comparing improvement between the 6-week assessment and the last evaluation 
(Tab. 8.7.5), 57.7% of patients remained in the same category of improvement, 18.9% 
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Tab. 8.7.6: Improvement at last visit according to primary site of sweating.

Improvement Axilla Palm
(n = 50)
(n = %)

Total
(n = 59)

p-value

Slight or moderate 3 (33.3) 25 (50.0) 28 (47.5) 0.48

Great 6 (66.7) 25 (50.0) 31 (52.5)

worsened and 23.6% improved throughout the study. The change in subcategories 
was not statistically significant.

Oxybutynin had an improvement effect on other sites (i.e. not the main site) of 
hyperhidrosis as well. For example, for patients (n = 53) who complained of plantar 
hyperhidrosis, 48 (90.6%) improved moderately or greatly at the last consultation. 
There were two patients who complained of thoracoabdominal sweating, and at the 
last consult both graded their improvement in sweating as moderate. Only one patient 
reported craniofacial sweating, and at last consult he reported great improvement in 
sweating in this area. Regarding comparisons of complaints of dry mouth between the 
6-week assessment and the last visit, 63.3% of patients remained in the same category 
(absent or light versus moderate or severe) throughout the study period, 20.7% impro-
ved, and 16% reported worsening.

At the final visit (median 19.6 months), 18.9% of patients experienced worsening 
in their improvement category (e.g. a patient who reported great improvement at 6 
weeks but moderate improvement at the last visit). One possible reason for this is 
nonadherence. Because of the retrospective nature of this study, it is not possible to 
ascertain adherence using direct questioning or any other method. Another possible 
reason is tachyphylaxis, which, to the best of our knowledge, has not been reported.

Nevertheless, 23.6% of patients showed improvement in their response category, 
and more than 90% reported moderate or great improvement in hyperhidrosis over 
the long term. This apparent contradiction may be because worsening between cate-
gories does not necessarily lower overall patient satisfaction with medical care; that 
is, there may be some variation in the perceived amelioration of sweating, but it is not 
significant enough to cause patients to cease medication use. We believe that because 
of these overall encouraging results, patients who initially respond well to the medi-
cation may maintain treatment indefinitely.

Statistically significant difference was noted in outcomes of treatment between 
sites of hyperhidrosis (Tab. 8.7.6). Oxybutynin did not seem to have a better (or worse) 
effect if the most bothersome hyperhidrosis was on the hands or the axillae.

If patients have experienced good response after 6 weeks, it seems that they 
continue to benefit from therapy, as they maintain moderate or great improvement 
in palmar and plantar hyperhidrosis and in other sites of significant sweating. 
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Randomized double-blind, placebo-controlled studies must be undertaken to more 
rigorously assess the efficacy of pharmacologic treatment in children, although these 
data support our opinion that oxybutynin may be an appropriate and long-standing 
treatment option.

Nevertheless, the clinical outcomes of oxybutynin treatment are inferior to those of 
surgery. For example, video-assisted thoracic sympathectomy is associated with reso-
lution or improvement in hyperhidrosis in 95% of patients, although 30% develop com-
pensatory hyperhidrosis [78, 89], an irreversible increase in sudoresis affecting other 
sites. The main benefit of medical treatment is that compensatory hyperhidrosis does 
not occur, which reduces the likelihood of deterioration in QOL. Additionally, if phar-
macotherapy is ineffective, the drug can be discontinued and surgery reconsidered.

8.7.3 Surgical treatment

In adults, video-assisted thoracic sympathectomy (VATS) is one of definitive treat-
ment options; it is a safe procedure with good results, although it is associated with 
compensatory hyperhidrosis (CH), which occurs in virtually all patients with greater 
or lesser intensity, mainly on the trunk, with an unknown pathophysiology [92–94].

In children, VATS has been used in daily practice, apparently with the same safety 
and good results as adults, although there are few scientific studies, especially for its 
indication in children [93, 95–101]. It is also unknown whether surgery performed on 
children younger than 14 produces better results than clinical management after a 
longer period. The best way to evaluate this question is to measure the QOL in these 
groups after a long period of time. 

We performed a prospective nonrandomized study which evaluated forty-five 
children with PH younger than 14 at the time of first consultation [93]. Thirty child-
ren underwent VATS, and 15 children were in the control group and not treated with 
anything.

Patients answered a questionnaire about their clinical improvement according 
to their subjective perception of improvement in hyperhidrosis on a scale from 0 to  
2 (0 = no improvement, 1 = partial improvement, and 2 = no hyperhidrosis). The nega-
tive effect of hyperhidrosis on QOL before the treatment was classified into five diffe-
rent levels and calculated as the summed score from the protocol (range from 20 to 
100): the higher the level, the greater the effect, and the poorer the QOL (>84, very 
poor; 68–83, poor; 52–67, good; 36–51, very good; and 20–35, excellent). Improvement 
in QOL after the treatment was classified using five levels (>84, much worse; 68–83, 
worse; 52–67, no change; 36–51, some improvement; 20–35, much better). Changes in 
PH after 4 years are presented in Tab. 8.7.7. Twenty-five patients (83.4%) in the VATS 
group experienced great improvement in PH, and five (16.6%) experienced partial 
improvement; 12 (80.0%) children in the control group had no improvement, and 
three (20.0%) had partial improvement.
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Tab. 8.7.7: Improvement in palmar hyperhidriosis 4 years after surgery. *Fisher’s exact test.

Treatment result VATSG
Freq. (%)

NOG
Freq. (%)

p

No improvement 0 (0.0) 12 (80.0) <0.001*

Parital improvement 5 (16.6) 3 (20.0)

Absence of hyperhidriosis 25 (83.4) 0 (0.0)

Total 30 (100) 15 (100)

Tab. 8.7.8: Improvement in quality of life (QOL) after 4 years. *Fisher’s exact test.

Level of improvement VATSG
Freq. (%)

NOG
Freq. (%)

p

20–35 (much better) 23 (76.7) 2 (13.3) <0.001*

36–51 (a little better)    7 (23.3) 4 (26.7)

52–67 (the same)    0 4 (26.7)

68–83 (a little worse)    0 5 (33.3)

84–100 (much worse)    0 0 (00.0)

Total 30 (100) 15 (100)

CH was observed in 27 children who underwent VATS at the last assessment; 19 had 
slight CH and eight had severe CH. The most frequent locations were the abdomen 
[93] and back [100], then the thighs [82], buttocks [81], and lower legs [81].

Improvement in QOL is presented in Tab. 8.7.8. Two patients (13.3%) in the control 
group and 23 (76.7%) in the VATS group were much better than at the first evaluation.

The children who sought medical assistance were discontent with their PH. The 
degree of negative effect on their QOL was measured in our study using a specific 
QOL questionnaire on hyperhidrosis [102] that has been validated for adults and 
used in several published studies [103]. The degree to which hyperhidrosis worsens a 
patient’s QOL depends on the severity of the condition and the patient’s adaptation 
to each situation, even in childhood. Some children with milder hyperhidrosis have 
very poor QOL, but other children with very severe hyperhidrosis may report that their 
QOL is not so poor because they have adapted more successfully. All of the children in 
this study had poor or very poor QOL.

Almost all patients who are healthy can be treated with VATS except for small 
or obese patients, who might have a greater risk of CH after surgery and are a higher 
surgical risk [92].
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We observed that children who reported CH presented such symptoms immedia-
tely after the surgery but only during periods of very hot weather, during exercise, and 
occasionally correlated with stress.

The results from the treatment of PH were more satisfactory in the VATS group. 
The children in the control group had QOL levels that were statistically lower. Palmar 
sudoresis was lower in more than 80% of the cases after surgery. The VATS group 
had an improvement of 76.7% with regard to QOL, but only a 20% improvement was 
noted in the control group.

The results of VATS are outstanding because more than 95% of patients become 
free of or show improvement in PH, although this improvement is often at the cost of 
CH (an irreversible increase in sudoresis in other parts of the body).

The factors that are currently associated with a worsening of QOL after thoracic 
sympathectomy for the treatment of hyperhidrosis are surgical failure and severe CH 
[104], which were not present in our series. In contrast, we observed improvement 
in only six patients, and nine patients were the same or worse in the QOL evaluation 
with conservative treatment (controls). We have shown that children younger than 
14 with PH and low QOL have better results in improving their QOL after undergoing 
VATS.

Previous studies that have included children have not been objective and have 
all been retrospective. Cohen and colleagues [100] in 1998 evaluated 84 children 
and adolescents younger than 18 with PH who underwent sympathectomy between 
1992 and 1995. The authors found that this surgery is safe and effective, with low 
morbidity and no mortality, and concluded that satisfaction with this procedure 
was high, despite compensatory sweating. Imhof and colleagues [105] followed 19 
children between 1969 and 1997 who underwent thoracoscopic sympathectomy of 
ganglia T2 and T3 using a questionnaire that was sent by mail. Although QOL was 
not assessed, they concluded after long-term monitoring that sympathectomy in 
children is safe.

Lin [106] studied 350 children and adolescents aged 5 to 17 who underwent to 
videothoracoscopic sympathectomy of T2 ganglia for the treatment of PH between 
July 1994 and March 1998 and found minimal surgical complications and no surgical 
mortality. After a median follow-up of 25 months (range 5–44 months), anhidrosis 
was observed in 331 patients (94.6%), and 301 patients (86%) developed compensa-
tory sweating on the trunk and lower limbs (armpit 12%, back 86%, abdomen 48%, 
legs 78%).

Steiner and colleagues [97] in 2008 compared the results of sympathectomy in a 
group of 116 children younger than 14 with those of another group of 209 adolescents 
and adults aged 15 and older more than 24 months after surgery using a questionnaire 
administered over the telephone. They found that sympathectomy solved the problem 
in most patients and generated a level of satisfaction in the postoperative long term 
of 84.5%.
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Fig. 8.7.2: Schema of the sequential approach to the sympathetic chain.

Surgical technique
The patient is placed under general anesthesia and simple endotracheal tube with 
double-lung ventilation, in a supine position, slightly elevated at the shoulders with 
both arms abducted to 90 degrees. It is recommended a sequential approach, starting 
with the left side. Two 5-mm incisions are made; the first is a submammary incision 
made for the 30-degree camera, and the second incision is a midaxillary one for the 
surgical instruments. No carbon dioxide insufflation is necessary (Fig. 8.7.2). 

The sympathetic chain is identified through the mediastinal pleura as a longitu-
dinal cord, whitish, multinodular, making slight bulge in lateroposterior region of the 
thoracic vertebrae, over the heads of ribs. 

The extent of intervention in the sympathetic chain depends on the clinical 
manifestations of the disease, as it follows: the second thoracic ganglion (G2) to 
patients with craniofacial symptoms, (G3) for patients with palms and soles HP; (G4) 
for palmar-axillary symptoms; and also solely (G4) for isolated palmar HP. In our 
opinion, clipping, cauterization or resection of the chain are feasible and with the 
same clinical results. 

The lung is reexpanded under direct vision at the same time as the air is aspirated 
from the pleural space through a small catheter (16Fr). Hence, no thoracic drain is 
necessary. A chest radiograph was immediately requested postoperatively for complete 
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lung expansion. The follow-up includes a surgical revision after 7 days, a 30 days 
evaluation to verify early results, and then after 5 years for a later results evaluation.

8.7.4 Conclusions

Our study suggests that oxybutynin treatment is feasible, with significantly positive 
results for those who are able to maintain therapy for 6 weeks. After a median of 19.6 
months, 90% of patients in this retrospective cohort had moderate or great improve- 
ment in excessive sweating.

For children with PH and poor QOL, oxybutynin appears to be a safe and effective 
initial treatment option to improve QOL and is a valid alternative to surgery. Further 
studies are required to determine the long-term outcomes of oxybutynin for treating PH.

For children with PH and poor QOL, VATS is better than conservative treatment 
because it produces better/definitive results with regard to sweating and greater 
improvement in QOL.

Marcus Krüger

Comment

The article by de Campos and da Fonseca provides an excellent overview of the 
treatment of hyperhidrosis in children. In the first section the article highlights the 
good results of medical treatment with Oxybutynin. The therapy with this choliner-
gic antagonist yields improvement of symptoms in more than 90% of patients with 
palmar hyperhidrosis. The side effects are mild with dry mouth as the main symptom. 
The authors indicate that in case of a good response after 6 weeks a long-lasting relief 
of the symptoms is likely. Randomized trials confirming these results are based on 
small patient groups (50 patients [88] and 62 patients [80] respectively). Therefore, the 
authors demand double-blind, placebo-controlled studies to provide better evidence 
for this therapy. One essential advantage of Oxybutnynin therapy is the absence of 
compensatory sweating. Compensatory sweating is the most frequent side effect of 
the surgical therapy. Compensatory sweating is difficult to treat and for some patients 
it can have a considerably negative impact on their daily life. 

However, since the long-term results of video-assisted sympathectomy are supe-
rior, surgery is recommended for children who are unsatisfied with medical treatment 
and are older than 13 years. The authors present an interesting study comparing surgery 
and a control group in children younger than 14 years. Unfortunately, according to the 
actual article, the control group did not receive any treatment at all. Therefore, the 
superior results in the VATS group are not surprising. However, great improvement in 
83.4% of the young patients 4 years after surgery represent encouraging results. For 
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Fig. 8.7.3: Adapted standardized surgical 
technique, according the level of the thoracic 
ribs. G2 – between the levels R2 – R3,  
G3 – level of R3 – R4.

evaluation of these results more precise data concerning the age of the children at the 
time of surgery would be desirable. 

The description of the operative technique is straightforward, focusing on the 
crucial points of the procedure. The authors describe a procedure with two 5-mm inci-
sions and without carbon dioxide insufflation. The excellent results of the presented 
data support this operative technique. However, especially for surgeons who do not 
perform the procedure commonly, carbon dioxide insufflation may be helpful. For 
the description of the level of intervention in the sympathetic chain I would recom-
mend the rib orientated nomenclature of the consensus committee of the International 
Society on Sympathetic Surgery (ISSS) and The Society of Thoracic Surgeons (STS) 
such as “clipped R5, top” or “cauterized, top R4, bottom R4” [107]. This would simplify 
the comparability of data of different working groups (Fig. 8.7.3).

Interestingly, the authors to not comment on advantages or disadvantages of 
the distinct technique of disruption of the sympathetic chain, such as clipping, cau-
terization, cutting or removing of a segment of the sympathetic chain. The clear 
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advantage of clipping is the potential reversibility of adverse effects after removing 
of the clips. This is especially true regarding the compensatory sweating, which 
was also indicated by the authors as the most common adverse effect. Sugimura 
et al. [108] published their experience of 34 reversal procedures. In the case of clip 
removal within 6 months after the initial procedure, a marked relief of compensa-
tory sweating was seen in 67%. The authors recommend to go without placing a tho-
racic drain and request an immediate chest radiograph with regard to full expansion 
of the lungs instead. Conceivably, a small thoracic drainage catheter for some hours 
postoperatively could supersede the chest radiograph for these young patients [109]. 

An interesting issue of surgery for hyperhidrosis is the possibility of intraope-
rative measurement of palmar blood flow and palmar temperature [110]. The preli-
minary results of an ongoing study at our institution using Laser Speckle Contrast 
Analysis (LASCA) Imaging are promising [unpublished data]. These measurements 
may influence the intraoperative decisions for selected patients.

In summary, this chapter on hyperhidrosis therapy for children illustrates 
the main issues very well and gives an insight into current developments in the 
field.
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