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            Introduction 

    Provision of anesthesia for thoracoabdominal surgery in the 
neonate presents a number of specifi c challenges to the anes-
thesiologist. Many neonates are born at term in good condi-
tion, with or without an antenatal diagnosis, but many others 
are born premature and/or of low birth weight with associ-
ated cardiac abnormalities, pulmonary hypertension, and/or 
complications relating to the specifi c surgical diagnosis. 
Many of the principles of neonatal surgery are discussed 
elsewhere—this chapter considers specifi c conditions that 
require thoracic or abdominal surgery in the neonatal period, 
and the anesthetic and surgical requirements for each. There 
are very few randomized controlled trials to guide manage-
ment. Most management strategies are based on retrospec-
tive case reviews or expert opinion. The use of minimally 
invasive techniques is becoming increasingly common and 
these approaches are also discussed.  

    General Considerations 

 Anesthesia complications are more common in the neonatal 
period, so only essential surgery should be carried out in this 
period [ 1 – 4 ]. Conditions range from minor elective proce-
dures such as neonatal inguinal hernia repair to emergency 
lifesaving procedures such as repair of abdominal wall defect 
or esophageal atresia. The anesthesiologist, surgeon, and neo-

natologist must collaborate to ensure that the neonate is opti-
mally prepared for surgery, that every member of the team 
understands the surgical/anesthetic plan, and that the neonate 
is returned to the neonatal intensive care unit (NICU) in stable 
condition with appropriate IV access and monitors in place. 

    Preoperative Assessment and Preparation 

 Anesthetic evaluation includes a detailed history of the pre-
senting condition and the current status, the birth history, 
gestational age, physical examination, and assessment of 
laboratory investigations and imaging. Cardiac defects are 
commonly associated with several congenital defects. A pre-
operative echocardiogram should be performed if a cardiac 
defect is possible or present, e.g., in esophageal atresia/tra-
cheoesophageal fi stula (EA/TEF) or omphalocele. A renal 
ultrasound should also be performed in neonates with abnor-
malities such as EA/TEF, and preoperative cranial ultrasound 
in those at risk of intraventricular hemorrhage, such as pre-
mature infants. For the acutely unwell neonate, or the 
extreme premature infant, it is useful to assess how the neo-
nate responds to handling, in order to assess its physiological 
stability during transport to the operating room (OR). 

 Preoperatively, the anesthesiologist should review the 
coagulation profi le to ensure that it is within normal limits for 
the local laboratory standards for age and for neonates and 
that vitamin K was administered postdelivery. 
Thrombocytopenia is common, particularly in neonates with 
sepsis, and should be corrected before undertaking surgery. 
Platelet concentrations <150,000/mm 3  are considered abnor-
mal in neonates in many centers, but surgical bleeding is 
uncommon when the count is >50,000/mm 3  [ 5 ]. A platelet 
transfusion consisting of 10–20 ml/kg should be considered if 
the platelet count is <100 × 10 9 /l before surgery, although in 
the case of necrotizing enterocolitis (NEC), the platelet count 
is often <100,000/mm 3  preoperatively and platelet transfu-
sions have not been shown to be benefi cial in the absence of 
bleeding [ 6 ]. Few would hesitate to transfuse platelets if the 
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platelet count was <50,000/mm 3  preoperatively. Prothrombin 
time (PT) and partial thromboplastin time (APTT) vary during 
the neonatal period, being prolonged immediately after birth 
due to reduced procoagulants and then decrease toward nor-
mal childhood values throughout the neonatal period [ 5 ]. 
Fresh frozen plasma (FFP) 15 ml/kg is recommended if the 
prothrombin time (PT) or activated partial thromboplastin 
time (APTT) ratio is >1.5 times normal. These indices should 
be rechecked once corrective actions are completed. One 
adult unit of CMV-negative leukodepleted blood should be 
crossmatched for all but minor procedures. Where possible, 
the mother’s blood should be screened for atypical red cell 
antibodies; alternatively, the neonate’s serum should be 
screened for antibodies of maternal origin [ 7 ,  8 ]. 

 Sedative premedication is not required, but atropine or 
glycopyrrolate may be used to blunt vagal responses to intu-
bation and to dry secretions if a bronchoscopy is planned. 
The plan for anesthesia and perioperative analgesia should 
be discussed with the parents, and informed consent for 
anesthesia and surgery obtained. All members of the theater 
team should be fully briefed before the start of surgery, and 
appropriate safety checks undertaken according to interna-
tional recommendations [ 9 ].  

    Anesthesia Techniques 

 The anesthesia technique should be chosen with reference to 
the condition of the neonate, the surgical requirements, and 
postoperative management. For instance, epidural analgesia 
reduces the stress response to surgery, provides excellent 
analgesia, and reduces postoperative ventilatory require-
ments, whereas an opioid-based technique with fentanyl 
10–50 mcg/kg may be more appropriate for the neonate who 
requires paralysis and controlled ventilation for 5 days after 
repair of a long-gap esophageal atresia [ 10 ]. Spinal anesthe-
sia may reduce the need for postoperative ventilation in a 
premature neonate, but is not a suitable technique if the child 
is undergoing laparoscopic surgery. 

 The choice between inhalational and intravenous induc-
tion of anesthesia depends on personal preference and the 
condition of the neonate. Inhalational inductions are suited 
for neonates undergoing elective surgery or in those with 
poor venous access [ 11 ]. However, most surgeries in neo-
nates are emergencies and/or involve a full stomach, both of 
which favor an IV induction of anesthesia. Propofol 2–3 mg/
kg or ketamine 1–2 mg/kg may be used to induce anesthesia 
intravenously, with the latter preferred for cardiovascular 
stability. For the sick neonate with NEC, many prefer IV fen-
tanyl. A nasogastric tube should be in place if there is a risk 
of aspiration and suctioned (and possibly removed) before 
induction of anesthesia. The debate to remove the nasogas-
tric tube before induction or leave it in situ here favors the 
former, primarily to provide a clear view of the larynx with 

less concern for incompetence of the lower esophageal 
junction and potential regurgitation. A classic rapid sequence 
induction (RSI) is eschewed in neonates because desatura-
tion is very common after even a brief apnea between induc-
tion of anesthesia and tracheal intubation and in spite of 
optimal preoxygenation [ 12 ]. In place of the classic RSI, a 
“modifi ed” RSI is widely practiced. This differs from the 
classic RSI in that gentle mask ventilation (at the smallest 
peak inspiratory pressures possible) that continues after 
induction of anesthesia and paralysis until the airway is 
secured [ 13 ,  14 ]. Traditionally, cricoid pressure has been an 
essential element of the RSI, although recent evidence has 
cast doubts on its effectiveness [ 15 ]. Furthermore, the cricoid 
ring may be diffi cult to identify in neonates, the appropriate 
force is rarely applied, cricoid pressure may distort the 
airway, and tracheal intubation may be more diffi cult to 
perform [ 16 ,  17 ]. As a consequence, it is not used routinely 
by many anesthesiologists [ 13 ] (see Chaps.   4     and   5    ). 

 Secure vascular access should be obtained using an asep-
tic technique, including central access if required, with the 
aid of ultrasound guidance (4Fr or 5Fr catheter, internal jug-
ular or femoral vein) (see Chap.   7    ). Arterial access is indi-
cated for major surgery (22G or 24G cannula, with radial or 
femoral artery). An umbilical arterial catheter (UAC) or 
umbilical venous catheter (UVC) may be used for short-term 
access (<5 days). The tip of the UAC should ideally end in 
the thoracic region (above the diaphragm at the level of T6–
T10), and the tip of the UVC or central line at the junction of 
the superior vena cava and right atrium. A peripherally 
inserted central line (PICC) or tunneled central line should 
be considered if total parenteral nutrition is required, for 
instance, after closure of gastroschisis. 

 Monitoring during anesthesia should be in accordance 
with international standards (see Chaps.   6     and   7    ). Invasive 
monitoring is indicated for major surgery and neonates with 
signifi cant comorbidity such as congenital heart disease. 
Pre- and post-ductal oxygen saturation may be useful in the 
neonate at risk of pulmonary hypertensive crisis (saturation 
probe on right hand and either foot). Although transcutane-
ous CO 2  monitoring is commonplace in the NICU, it does 
not respond as rapidly as end-tidal pCO 2  monitoring on a 
breath-to-breath basis [ 18 ]. Provided non-HFOV ventilation 
strategies are used and the lung disease is not severe, capnog-
raphy should be employed to monitor ventilation in preterm 
and full-term neonates [ 19 – 21 ]. Great care should be taken 
when removing adhesive ECG electrodes (and adhesive 
drapes) to avoid removing a layer of epidermis, particularly 
in very premature neonates. 

 Neonates are poikilotherms. They have limited ability to 
generate heat in a cold stress situation and as such should be 
maintained in a thermoneutral environment, 36.3–37.3 °C 
[ 22 ]. The neonate generates heat when stressed primarily 
using nonshivering thermogenesis via brown fat. To prevent 
hypothermia in the operating room, the temperature of the 
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operating theater should be increased to 25–28 °C before the 
neonate enters the room to minimize radiation (39 %) and 
convective (34 %) heat losses. The other mechanisms for 
heat loss are evaporative (24 %) and conduction (3 %). A 
forced air-warming blanket should be placed on the operat-
ing room table and preheated before the neonate arrives [ 23 ]. 
Humidifi ed gases and warmed fl uids should be used intraop-
eratively. The temperature of surgical irrigation fl uids should 
also be warmed, and exposed bowel covered to reduce evap-
orative losses. To monitor the effectiveness of these heating 
strategies, core temperature should be measured continu-
ously from one of several sites. We recommend the mid- 
esophagus, immediately retrocardiac. Rectal temperature is 
not commonly used as it lags behind the central core tem-
perature during changes in temperature and is best avoided in 
neonates with anal anomalies. Nasopharyngeal temperature 
may be cooled by ventilation gas and axillary temperature is 
often skewed by the temperature of the forced air warmer.  

    Fluid Management (See Chap.   8    ) 

 In the fi rst few days of life, the serum concentrations of antidi-
uretic hormone (ADH) are increased, and fl uid maintenance 
requirements are small (60 % of normal). Sodium requirements 
are small; hence, hyponatremic solutions are commonly used 
for maintenance. To prevent hypoglycemia, 10 % dextrose is 
commonly infused in neonates on the fi rst day of life, and 
sodium should be added and fl uids liberalized after the fi rst few 
days when the postnatal diuresis occurs. It is important to mon-
itor the serum electrolyte and glucose concentrations so that the 
fl uid composition can be adjusted to suit the neonate. The vol-
ume of maintenance fl uids is greater in premature neonates to 
compensate for their large insensible fl uid losses. 

 Fluid management during surgery depends on the clinical 
condition of the child and the procedure. For example, the 
fl uid requirements during elective inguinal hernia repair are 
vastly different from those in the neonate undergoing lapa-
rotomy for NEC. In both cases, there are limited studies to 
guide practice. Maintenance fl uids should be continued at 
the same rates as preoperatively using isotonic fl uids to 
replace intraoperative fl uid losses [ 24 ,  25 ]. The aim of intra-
operative fl uid management is to replace preexisting fl uid 
defi cits and ongoing losses and to maintain cardiovascular 
stability. Modern fasting regimens before elective surgery 
minimize the preoperative defi cit: no formula milk for 6 h, 
no breast milk for 4 h, and free clear fl uids up to 2 h preop-
eratively [ 26 ]. Neonates scheduled for emergency surgery 
should be actively resuscitated with 10–20 ml/kg IV bal-
anced salt solution preoperatively. Fluid replacement during 
surgery includes a balanced salt solution such as Ringer’s 
lactate or PlasmaLyte, blood or colloid such as 5 % albumin, 
gelatin, or a third-generation starch solution, although the 
safety of starches in the neonatal population has not been 

fully established [ 25 ,  27 ]. Our practice is to give fl uid boluses 
of 10–20 ml/kg lactated Ringer’s solution, or an appropriate 
volume of albumin (or blood), and monitor fl uid losses and 
clinical parameters such as heart rate, blood pressure, fi lling 
pressure, and capillary refi ll. Laboratory testing of hemoglo-
bin, base excess, serum lactate, electrolytes, and blood glu-
cose concentrations and the coagulation status is essential. 

 The volume of fl uid required intraoperatively varies with 
the clinical condition of the child, from 10 to 20 ml/kg for a 
child undergoing an uncomplicated EA/TEF repair to 
50–100 ml/kg for a critically ill neonate with NEC or ischemic 
gut due to malrotation/volvulus. 5 % albumin is commonly 
used in the septic neonate. The trigger for blood transfusion 
depends on the age of the neonate; a trigger of 12 g/dl on day 
1 of life has been recommended due to the presence of fetal 
hemoglobin, 11 g/dl in a neonate with chronic oxygen depen-
dency, and 7 g/dl in a stable neonate with chronic anemia in 
early infancy [ 7 ]. If blood is required, an infusion of 4 ml/kg 
of packed red blood cells increases the hemoglobin concentra-
tion by 1 g/dl (as an infusion of 6 ml/kg of whole blood 
increases the hematocrit 3 gm%); a generous target for the 
hemoglobin concentration should be set to minimize donor 
exposure. Neonates are susceptible to hypothermia and hyper-
kalemia after a rapid transfusion; all blood should be warmed 
and fresh and the neonates should be closely monitored. 
Clotting factors should be considered in large-volume blood 
transfusion (e.g., one circulating blood volume). 

 The question of intraoperative dextrose is controversial; 
some units suggest maintenance fl uid with low-dose (0.9 %) 
dextrose in a balanced salt solution at 4 ml/kg/h (<10 kg) to 
maintain the blood sugar concentration and avoid lipid mobi-
lization [ 9 ]. This fl uid should not be used for volume replace-
ment. Lactated Ringer’s or PlasmaLyte solution should be 
used intraoperatively to maintain fl uid homeostasis. If a child 
requires a dextrose-containing fl uid to maintain blood sugar 
preoperatively, or is receiving TPN, this infusion should not 
be stopped; rather, it should be maintained at the same rate as 
preoperatively throughout the perioperative period and serial 
serum glucose concentration measured. Although some 
reduce the preoperative infusion rate of dextrose- containing 
solutions intraoperatively, such a strategy must account for 
the possibility that the increased insulin levels may lead to 
hypoglycemia. In such cases, the serum glucose concentra-
tions should be monitored intraoperatively whenever the pre-
operative glucose infusion is manipulated. Some neonates 
such as those with Beckwith–Wiedemann syndrome are at 
risk for hypoglycemia.  

    Surgery in the Neonatal Intensive Care Unit 

 Most elective and major neonatal surgery is performed in the 
OR, but transfer from the NICU to the OR carries particular 
risks for critically ill neonates who require inotropic 
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 support or high-frequency oscillatory ventilation (HFOV) 
(see Chap.   12     Anesthesia Outside the Operating Room). 
Surgery can also be performed successfully in the neonatal 
intensive care unit (NICU) without an increase in infective or 
other complications, particularly for very low-birth-weight 
infants (<1,500 g) with NEC or intestinal perforation [ 28 ]. 
The use of a surgical headlight, thermal mattress, and trans-
parent drapes improves operating conditions for the surgeon 
and access for the anesthesiologist. Total intravenous anesthesia 
(TIVA) and analgesia techniques are required (fentanyl or 
remifentanil, ± ketamine), although the need for a hypnotic 
agent in this age group has been questioned [ 29 ]. Most 
NICUs do not use end-tidal pCO 2  monitoring but prefer 
transcutaneous pCO 2  monitoring. To ensure rapid responses to 
changes in ventilation (provided the ventilation is not 
HFOV), a capnograph monitor may be transferred from the OR 
to the NICU. Portable screens should be in place to cordon 
off the surgical area and visitors should be excluded from the 
immediate vicinity in the NICU during surgery. Complex, 
endoscopic, or airway procedures are more appropriately 
performed in the OR, as are most procedures in neonates 
whose lungs are not ventilated before surgery.  

    Minimally Invasive Surgery 

 The benefi ts of minimally invasive surgery (MIS) are well 
known, and with improvements in technology, MIS is 
increasing in popularity in neonatal practice. There is a sig-
nifi cant surgical and institutional learning curve to neonatal 
MIS, but it does speed recovery after procedures such as 
pyloromyotomy, accomplishes the surgery for reduced cost, 
and may reduce complications such as chest wall deformity 
after EA/TEF repair [ 30 – 33 ]. In expert hands, surgical com-
plication rates are comparable to open surgery, although car-
diac arrest has occurred in neonates [ 31 ,  34 – 37 ]. 
Thoracoscopy has been steadily gaining popularity as the 
approach for congenital thoracic lesions. A recent review of 
the published studies determined that thoracoscopic surgery 
is a reasonable alternative to thoracotomy in neonates [ 38 ]. 

 It is essential that the anesthesiologist and surgeon work 
closely together to minimize complications during MIS. The 
physiological changes associated with laparoscopic surgery 
in neonates are substantive and depend on several variables 
including the intra-abdominal insuffl ation pressure, the neo-
nate’s position, and its fl uid status. The physiological changes 
associated with a pneumoperitoneum in laparoscopic surgery 
in neonates and children are addressed in detail elsewhere 
[ 39 ]. Neonates with congenital heart defects, such as aortic 
stenosis and cyanotic heart disease, may experience very seri-
ous complications including cardiac arrest during laparo-
scopic surgery [ 40 ,  41 ]. These neonates should be screened 
preoperatively and only anesthetized by those with a thor-

ough understanding of the cardiac pathophysiology and in an 
institution with adequate support [ 40 – 42 ]. Anesthetic compli-
cations relate to positioning, reduced access, and the effects 
of the pneumoperitoneum or pneumothorax. The neonate 
may be positioned head up, head down, or semiprone and will 
be surrounded by equipment and monitors, with limited 
access to intravenous lines or the tracheal tube after the surgi-
cal drapes are in place. It is essential that the tube and lines 
are checked and securely fi xed at the start of the procedure. 

 Specifi c complications from MIS in neonates relate to 
hypercarbia, desaturation, hypotension, metabolic acidosis, 
and hypothermia and are seen more often during thoraco-
scopic procedures [ 43 ]. During laparoscopic surgery, the 
pneumoperitoneum or pneumothorax is created and main-
tained by insuffl ating carbon dioxide (CO 2 ), which results in 
signifi cant absorption of CO 2  into the circulation. Insuffl ated 
CO 2  may contribute up to 30 % of the exhaled CO 2  during 
thoracoscopic procedures and up to 20 % during laparo-
scopic surgery [ 43 ]. As a result, high levels of arterial CO 2  
may be reached [ 44 – 47 ]. End tidal CO 2  measurement does 
not give an accurate measurement of arterial CO 2  and it is 
important to monitor CO 2  absorption accurately with trans-
cutaneous carbon dioxide monitoring or arterial blood gases, 
rather than end tidal measurements [ 13 ,  19 ]. The signifi cance 
of severe hypercarbia in this context is unclear, but specifi c 
adverse effects have not been reported to date, although 
respiratory acidosis and cerebral oxygen desaturation have 
been demonstrated, and concerns remain about neuronal 
apoptosis in animal models [ 44 ,  45 ]. 

 The CO 2  insuffl ation pressure should be limited to 
8 mmHg and operative time to <100 min to minimize the 
adverse cardiorespiratory sequelae from insuffl ation [ 48 –
 50 ]. Isolated cardiac arrests have occurred in several neo-
nates undergoing abdominal insuffl ation with carbon 
dioxide. This should be suspected if sudden hemodynamic 
instability occurs during insuffl ation of the abdomen. 
Augmenting the preload with 10 ml/kg IV balanced salt 
solution before insuffl ation of the abdomen preserves circu-
latory homeostasis. Minute volume should be increased to 
compensate for increased arterial carbon dioxide (PaCO 2 ) 
[ 46 ,  51 ]. A range of procedures are now performed using 
MIS, although some, including repair of a congenital dia-
phragmatic hernia (CDH), have a high rate of conversion to 
open surgery [ 31 ,  34 ,  52 ,  53 ].  

    One-Lung Ventilation 

 One-lung ventilation (OLV) may be required for thoracic 
surgery in neonates. There are few absolute indications for 
OLV as the lung is generally easy to compress during open 
thoracotomy, and gentle insuffl ation of CO 2  is used to com-
press the lung and maintain the artifi cial pneumothorax 
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 during thoracoscopic surgery. Some authors recommend 
OLV for surgery for congenital thoracic malformations 
involving a bronchial connection, for instance, in congenital 
lobar emphysema (CLE) [ 54 – 56 ]. 

 Double-lumen tubes are not available for neonates, and 
OLV is obtained by either selective endobronchial intubation 
or the use of a bronchial blocker [ 54 – 56 ]. 

 Selective endobronchial intubation is relatively easy, 
although more so on the right than the left. The disadvantage is 
that tube must be withdrawn at the end of surgery to ventilate 
both lungs and check for air leaks, and there is a risk of acci-
dental extubation at this time. Fiberoptic bronchoscopes with 
an external diameter as small as 2.0 mm are available, suitable 
for a 2.5 mm ID tracheal tube [ 57 ]. The following techniques 
have been described to achieve one-lung ventilation [ 54 ]:  

    Endobronchial Intubation 

•     Intubate the trachea in the normal way, check for bilateral 
breath sounds, and note the depth of the tracheal tube at 
the alveolar ridge.  

•   Selectively intubate the bronchus using a fi beroptic bron-
choscope threaded through the tracheal tube. Advance the 
tube over the bronchoscope and withdraw the scope. Check 
if breath sounds have disappeared on the contralateral side. 
Note the depth of the tube. If the right bronchus was intu-
bated, check for the presence of breath sounds in the right 
upper lobe. If not, withdraw the tube until the right upper 
lobe is ventilated. Although it may be more diffi cult to pass 
the tracheal tube into the left bronchus, there is no concern 
that a bronchus will be blocked inadvertently.  

•   At the end of surgery, carefully withdraw the tube to the 
original position to allow bilateral air entry (note length), 
and secure.     

    Bronchial Blocker 

 A balloon-tipped 3Fr Fogarty embolectomy catheter, atrio-
septostomy catheter, pulmonary artery catheter, or 5Fr Arndt 
endobronchial blocker may be used to occlude the lung on 
the operative side. The last two have the advantage of a cen-
tral lumen to decompress the lung. The bronchial blocker is 
placed alongside the tracheal tube, as the tracheal tube in a 
neonate is too small to accommodate the blocker within the 
lumen of the tube:
•    Perform direct laryngoscopy; place the bronchial blocker 

into the lumen of the trachea.  
•   Intubate the trachea with the bronchial blocker alongside 

the tracheal tube, on the operative side.  
•   Place a fi beroptic bronchoscope into the lumen of the tra-

cheal tube and advance the bronchial blocker into the 
bronchus on the operative side under direct vision.  

•   Infl ate the balloon of the bronchial blocker with saline 
and check if breath sounds are absent on the operative 
side.    
 The primary disadvantage of the bronchial blocker is that 

it requires experience and expertise to place and is particu-
larly diffi cult if the neonate has any degree of respiratory 
compromise. Another concern relates to the bronchial 
blocker becoming displaced during surgery and causing 
complete tracheal obstruction. This is thought to be less 
likely if the balloon is infl ated with saline [ 54 ]. Oxygen satu-
ration, arterial pCO 2 , breath sounds, and airway pressures 
should be monitored continually during the surgery.   

    Specifi c Conditions 

    Congenital Thoracic Malformations 

 There are a number of congenital thoracic malformations 
that may require surgical intervention in the neonatal period. 
The three most common lesions described may represent a 
spectrum of disease rather than true separate entities [ 57 ].  

    Congenital Cystic Adenomatoid Malformation 

 This rare congenital lung lesion that occurs in 1:25–30,000 
live births is the most common of the congenital thoracic 
malformations [ 58 ]. Congenital cystic adenomatoid mal-
formation (CCAM) is a multicystic pulmonary mass usu-
ally affecting only one lobe of the lung, more commonly on 

  Fig. 10.1    Congenital cystic adenomatoid malformation. Chest radio-
graph in a neonate with a left-sided amorphous cystic mass fi lling most 
of the left hemithorax. The cardiac silhouette is shifted to the right. The 
right hemithorax is slightly opacifi ed       
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the left, but may occur bilaterally in 5–15 % (Fig.  10.1 ). 
The etiology is unknown, although it may represent a ham-
artomatous process, focal pulmonary dysplasia, or a bron-
chiolar developmental anomaly [ 22 ]. Associated anomalies 
occur in up to 18 % of cases, involving renal agenesis and 
cardiac defects (see type II below) [ 58 ]. The prognosis 
depends on the size of the CCAM; small lesions may be 
asymptomatic, but large lesions may be associated with 
hypoplasia of the normal lung and pulmonary hypertension 
and, in severe cases, mediastinal shift causing cardiac com-
promise and nonimmune fetal hydrops [ 59 ,  60 ]. Fetal 
hydrops is the most serious harbinger of death [ 61 ]. The 
ratio of the CCAM volume to the head circumference on 
the fi rst antenatal ultrasound predicts the fetus’ perinatal 
course: a ratio <0.56 is consistent with a good postnatal 
outcome, whereas a ratio >1.6 is consistent with developing 
hydrops [ 62 ].  

    Classifi cation of CCAM 
 Stocker originally classifi ed CCAM based on cyst size and 
postnatal histology, yielding three types. Subsequently type 
0 (tracheobronchial defect with small fi rm lungs and a bron-
chial airway) and type 4 (an entirely alveolar defect) were 
added to complete the current classifi cation. Since types 1–3 
are usually adenomatoid and types 1, 2, and 4 are cystic, 
Stocker proposed a broader term for these defects: congeni-
tal pulmonary airway malformations (CPAM) [ 58 ,  63 ]. 
However, CCAM remains the primary acronym for these 
defects. A simpler classifi cation for this defect was proposed: 
macrocystic or microcystic (solid), based on anatomy and 
appearance on antenatal ultrasound, but Stocker’s classifi ca-
tion has persisted [ 58 ,  59 ,  63 – 65 ] (Table  10.1 ).

       Diagnosis of CCAM 
 The diagnosis is usually made by antenatal ultrasound at 
approximately 20 weeks gestation [ 66 – 70 ]. The lesions are 
monitored throughout gestation following one of three 
courses: increase in size, remain unchanged, or undergo 
spontaneous resolution. In aggressive disease, the lesion may 

respond to maternal steroids. A few specialist centers offer 
fetal interventions for high-risk cases causing hydrops 
including thoracoamniotic shunt for isolated cysts, open fetal 
surgery, or an EXIT procedure at delivery (ex-utero intrapartum 
treatment), depending on gestational age, the size of the cyst, 
and the health of the mother [ 59 ,  68 ,  70 ]. 

 Infants present with symptoms of respiratory distress in 
the neonatal period, with tachypnea, increased work of 
breathing, and desaturation in 30 % of cases, or occasionally 
with hyperinfl ation on the side of the CCAM. Some infants 
may appear to be relatively asymptomatic. Ten percent of the 
cases present with recurrent pneumonia or pneumothorax in 
later childhood. A signifi cant number of infants remain 
asymptomatic and are only detected incidentally. 

 CCAM is evident on chest X-ray, especially if it is large. 
Microcystic lesions may be fl uid fi lled, but macrocystic 
lesions are usually aerated and may be diffi cult to visualize. 
A CT scan with contrast is usually performed to delineate the 
limitations of the lesion. Ultrasound may be used to identify 
the blood supply and exclude an anomalous systemic artery.  

    Management of CCAM 
 Initial management involves respiratory support as needed 
and imaging to confi rm and defi ne the extent of the lesion. 
Neonates with hydrops have a very high perioperative mor-
tality as a result of the pulmonary hypoplasia and pulmonary 
hypertension. These neonates should be medically stabilized 
before embarking on surgical interventions [ 61 ,  70 ]. Surgery 
may be benefi cial for neonates with signifi cant respiratory 
signs and symptoms and/or compression of adjacent cardiac 
or major vascular structures. Controversy exists regarding 
the appropriateness and timing of surgery in asymptomatic 
or smaller lesions [ 60 ,  71 – 74 ]. Resection in infancy or early 
childhood is increasingly advocated to preclude infectious 
complications and malignant transformation (rhabdomyo-
sarcoma, squamous cell carcinoma, bronchoalveolar carci-
noma, and pleuropulmonary blastoma in 2–4 % of cases) and 
to encourage compensatory lung growth. If surgery is not 
undertaken, ideally these neonates should be followed into 

   Table 10.1    The Stocker classifi cation of congenital cystic adenomatoid malformation (CCAM)   

 Stocker type 0 (rare). This is a fatal defect in which the lungs do not develop beyond the pseudoglandular level, resulting in small hypoplastic 
lungs bilaterally with a bronchial airway. Also known as acinar dysplasia 
 Stocker type I (macrocystic adenomatoid malformation) (60–70 %). Single or multiple large “cysts” (>2 cm diameter) are present, which 
communicate with the proximal airways and distal lung parenchyma. The lesion is relatively localized and most infants have a good prognosis 
after cyst resection. Good prognosis 
 Stocker type II (microcystic adenomatoid malformation) (10–15 %). Multiple small spongelike cysts (<1 cm) replace the distal lung 
parenchyma. This has a worse prognosis and is more commonly associated with other anomalies, such as renal agenesis and cardiac and 
chromosomal abnormalities 
 Stocker type III (solid cystic adenomatoid malformation) (5 %). The abnormality represents a severe end of the spectrum with multiple airless 
cysts involving an entire lobe or even lung. This has a poor prognosis, more commonly reported in stillbirths with CCAM 
 Stocker type IV (rare). This is an entirely alveolar pulmonary defect in which large cysts replace the numerous alveoli in the periphery of the 
lung. Good prognosis 
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adulthood to ensure a timely intervention should the lesion 
turn malignant [ 74 ].  

    Surgical Considerations 
 The aim of surgery is to preserve viable lung tissue and 
reduce the mediastinal shift. The standard approach is pos-
terolateral thoracotomy and lobectomy. Segmental resection 
may be used for small lesions or multilobular disease but is 
associated with a greater incidence of postoperative air leak. 
Thoracoscopic resection can be performed but access may be 
diffi cult with large cystic lesions.  

    Anesthetic Considerations 
 Thoracotomy and lung resection are generally well tolerated 
in neonates; blood transfusions are not usually required. Full 
invasive monitoring should be used. CCAM are connected to 
the bronchial tree, and preoperative hyperinfl ation resulting 
in ball-valve effect is a possibility, although one-lung venti-
lation is not usually required. Nitrous oxide is best avoided. 

 Infants with severe respiratory distress may require HFOV 
preoperatively, but it is usually possible to wean to conven-
tional ventilation in the early postoperative period [ 70 ]. 
Analgesia may be provided by intravenous opioids such as 
fentanyl or remifentanil or thoracic epidural analgesia with 
the catheter inserted via the caudal route [ 75 ,  76 ]. Most neo-
nates require only a brief period of postoperative ventilation, 
although ventilation may be extended if pulmonary hypopla-
sia and/or pulmonary hypertension is present.   

    Lung Sequestration 

 This lesion consists of nonfunctioning lung tissue that does 
not have a tracheobronchial communication. There is anoma-
lous systemic arterial supply, usually directly from the aorta, 
with more than one vessel in 15 % of lesions. Sequestrations 
may have a patent or non-patent connection to the gastrointes-
tinal tract (bronchopulmonary foregut malformations) [ 70 ]. 

    Classifi cation of Lung Sequestration 
•     Intralobar sequestration (ILS) (75 %): the abnormal tissue is 

contained within normal lung predominantly within the 
lower lobes (often left sided). The child is generally asymp-
tomatic but may present with hemoptysis, pneumothorax, or 
recurrent infections in later childhood. The venous drainage 
is often via the pulmonary veins. Right- sided ILS may be 
associated with anomalous pulmonary venous drainage 
characteristic of scimitar syndrome; care must be taken not 
to ligate pulmonary veins during surgical resection.  

•   Extralobar sequestration (ELS) (25 %): the sequestration 
is completely separated from the lung by visceral pleura. 
There is an infradiaphragmatic arterial supply in 20 % 
and the lesion itself is infradiaphragmatic in 3 % of cases. 

Venous drainage is to the azygous system in the majority. 
ELS affects males four times more commonly than 
females and is more often associated with other anoma-
lies such as congenital diaphragmatic hernia (CDH) 
(16 %), CCAM (15 %), congenital heart disease, chest 
wall abnormalities, and hindgut duplications.     

    Diagnosis of Lung Sequestration 
 These lesions may be detected on antenatal ultrasound or 
postnatal chest X-ray. The systemic blood supply must be 
delineated using ultrasound, CT, or MRI. 

 ELS is generally asymptomatic but is often detected ear-
lier than intralobar sequestrations. Both ILS and ELS may be 
detected antenatally and may resolve. Symptomatic infants 
with large sequestrations may present with respiratory 
 distress, feeding diffi culties, or cardiac failure if the seques-
tered lobe is associated with signifi cant arteriovenous or left-
to- right shunting [ 70 ]. Hydrops may result from severe 
cardiac failure in utero, and pulmonary hypoplasia and pul-
monary hypertension may be associated with large lesions, 
as in CCAM.  

    Management of Lung Sequestration 
 Respiratory support should be instituted as required, and the 
systemic blood supply defi ned on imaging as the fi rst step. 
Surgical excision is generally advocated. The timing of sur-
gery depends on the clinical situation. Complications such as 
infection and cardiovascular compromise due to shunting 
should be treated before resection.  

    Surgical Considerations 
 As for CCAM, thoracotomy is the standard approach for pul-
monary sequestrations. Thoracoscopic resection is a viable 
alternative due to the relatively smaller size of the lesions. A 
laparotomy or laparoscopic approach is required for infradi-
aphragmatic lesions. Additional therapeutic interventions 
have been reported anecdotally including radiofrequency 
ablation and coil embolization [ 77 ]. 

 The anomalous systemic vessels can be fragile elastic 
vessels with signifi cant blood fl ow. Careful dissection and 
meticulous control are required to prevent hemorrhage. 
Control of the systemic blood supply during surgery is criti-
cal especially when the origin of the vessel is on the opposite 
aspect of the diaphragm to the operative fi eld (infradiaphrag-
matic vessel for intrathoracic lesions). A loss of control can 
result in retraction of the vessel out of the operative fi eld and 
catastrophic hemorrhage. A crossmatch should be available 
for all of these neonates.  

    Anesthetic Considerations 
 These are similar to CCAM. Neonates with severe pulmo-
nary hypertension should be optimized medically before 
surgery.   
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    Congenital Lobar Emphysema 

 Congenital lobar emphysema (CLE) is an obstructive 
overinfl ation disorder, which may be due to defective 
bronchiolar development. The affected lobe is hyperin-
fl ated and compresses the adjacent normal lung. 
Hyperinfl ation becomes progressive after birth, although 
neonates usually present with respiratory distress in the 
fi rst few days of life. Males are more commonly affected 
than females (3:1). The left upper lobe is involved in 
almost 50 % of cases followed by the right middle lobe 
(28 %) and the right upper lobe (20 %); bilateral involve-
ment is rare (Fig.  10.2 ). Cardiac anomalies are present in 
20 % of neonates with CLE [ 70 ].  

    Diagnosis of CLE 
 CLE may be detected antenatally but is diffi cult to distin-
guish from CCAM. Postnatally there is often early respira-
tory distress and clinical signs suggestive of pneumothorax. 
A CXR may show lobar hyperinfl ation, mediastinal shift, 
and fl attening of the ipsilateral diaphragm. Ultrasound can 
help distinguish from a tension pneumothorax, or if stable 
enough, CT or MRI scan will confi rm the diagnosis. If the 
neonate is stable, then a preoperative echocardiogram should 
be also performed.  

    Management of CLE 
 The primary treatment is lobectomy, which may be required 
on an emergent basis before a full preoperative workup can 
be performed. More recently, segmental lung resection has 
proven successful in preserving lung without an increased 
incidence of a recurrence [ 78 ]. Positive pressure ventilation 
worsens the hyperinfl ation, and if respiratory support is 
required preoperatively, then HFOV may be preferred. A 
chest drain should never be inserted as it may cause preferen-
tial ventilation of the abnormal lung leading to respiratory 
failure.  

    Surgical and Anesthetic Considerations 
 Induction of anesthesia with positive pressure ventilation 
may cause rapid deterioration due to air trapping. If possible, 
spontaneous ventilation should be maintained until one-lung 
ventilation has been achieved or until the chest is opened. 
Anesthesia should be introduced by inhalation, and lines 
placed while spontaneous ventilation is maintained. Muscle 
relaxants may be administered, but in these neonates, the 
inspiratory pressure should be minimized [ 79 ]. Alternatively, 
muscle relaxants may be avoided and intubation achieved 
using a combination of inhalational anesthesia, intravenous 
propofol with topical lidocaine (3 mg/kg) administered to 
the cords [ 54 ,  80 ]. The thoracotomy instruments and the sur-
geon must be ready in the event that urgent thoracotomy and 
decompression become necessary.   

    Esophageal Atresia/Tracheoesophageal Fistula 

 Esophageal atresia (EA) and tracheoesophageal fi stula (TEF) 
occur in 1:3,000–1:4,500 live births [ 81 – 83 ]. The etiology is 
believed to be due to a defect in the separation of the trachea 
and esophagus from a common foregut, which normally 
occurs after 4 weeks gestation. The etiology and exact 
embryology remain unclear, although the theories put forth 
include failure of fusion of lateral tracheoesophageal folds or 
the tracheoesophageal septum, imbalance in epithelial pro-
liferation and apoptosis, trifurcation of the lung bud, and a 
possible role of the notochord. Animal evidence suggests 
that a greater developmental role of the foregut in this defect 
as the fi stula and distal esophagus may be respiratory in ori-
gin [ 58 ]. There is also evidence that specifi c targets in the 
molecular mechanisms responsible for complete separation 
of the trachea and the esophagus may be responsible for EA/
TEF defects [ 84 ]. 

    Classifi cation 
 First classifi ed in 1929, and modifi ed in 1953, fi ve common 
types of EA/TEF have been described, although it is proba-
bly more appropriate to describe the conditions anatomically 
[ 81 ,  82 ,  85 ] (see Fig.  10.3 ) (Table  10.2 ). 

  Fig. 10.2    Congenital lobar emphysema. Chest radiograph with hyper-
infl ation of the left chest and displacement of the cardiac silhouette 
toward the right chest. A large gastric air bubble is present       
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   The length of the gap between proximal and distal esoph-
agus is variable, as is the position of fi stula (or fi stulae) 
within the trachea. These anatomical variations have impor-
tant implications for surgical strategy and anesthesia man-
agement. In one series, the fi stula was mid-tracheal in 61 %, 
at or just above the carina in 33 %, cervical in 8 %, and bron-
chial in 1 %. There was more than one fi stula in 3 % of 
patients [ 85 ,  86 ]. In the “H”-type TEF, the fi stula is typically 
in the cervical region, whereas in EA with a proximal fi stula, 
the fi stula is usually 1–2 cm from the blind-ending upper 
pouch [ 83 ]. 

 Neonates with EA/TEF are often born premature, with 
low birth weight (Fig.  10.4 ) [ 82 ]. Approximately 50 % of 
neonates with EA/TEF have associated anomalies, an inci-
dence that increases with decreasing birth weight (<2,500 g) 
and with pure EA. In contrast, anomalies are less common in 
those with an isolated H-type fi stula [ 82 ,  83 ,  87 ,  88 ]. The 
most common anomalies associated with EA/TEF are car-
diac anomalies (29 %), followed by duodenal atresia and 
anorectal anomalies (14 %), genitourinary anomalies (14 %), 
intestinal malrotation (13 %), chromosomal abnormalities 
(trisomies 21, 18, and 13q deletion) (4 %), vertebral and 
skeletal anomalies (10 %), and specifi c-named associations 
(see below). The most common cardiac defects are atrial or 
ventricular septal defects or tetralogy of Fallot [ 88 ,  89 ] 
(Fig.  10.5 ) [ 90 ]. A right-sided aortic arch is present in 
2.5–5 % of infants with EA/TEF [ 91 ].   

 Several disorders have been associated with EA/TEF 
[ 82 ]. The VATER/VACTERL association, an association of 
unknown etiology, is defi ned by the presence of at least three 
of the following congenital malformations:  v ertebral defects, 

 a norectal anomaly,  c ardiac defects,  T EF,  r enal anomalies, 
and  l imb (radial) abnormalities [ 90 ,  92 ,  93 ]. Approximately 
47 % of neonates with EA have VACTERL anomalies. 

 VACTERL-H association is the VACTERL association 
with hydrocephalus, although hydrocephalus is often listed 
as a non-VACTERL anomaly (see above). CHARGE syn-
drome is an autosomal dominant disorder caused by a muta-
tion on chromosome 7. It is associated with TEF, coloboma, 
cardiac defects, choanal atresia, neurocognitive and growth 
impairment, and genital, ear, and cranial nerve defects. 
Potter’s syndrome, which is associated with renal agenesis, 
pulmonary hypoplasia, dysmorphic facies, and Schisis asso-
ciation, which is associated with omphalocele, cleft lip and/

   Table 10.2    EA/TEF classifi cation and incidence in neonates   

 EA with distal TEF (80–85 %) 
 Pure EA (5–7 %) 
 Isolated TEF (“H”-type fi stula) (3–6 %) 
 EA with proximal and distal TEF (3–5 %) 
 EA and proximal TEF (2 %) 

  Fig. 10.3    Classifi cation of 
esophageal atresia and 
tracheoesophageal fi stula 
according to Vogt. Type 1: 
Obliteration of the esophagus. 
Type II: Atresia without fi stula. 
Type IIIa: Atresia with proximal 
fi stula. Type IIIb: Atresia with 
distal fi stula. Type IIIc: Atresia 
with proximal and distal fi stula. 
Type IV: Tracheoesophageal 
fi stula (H-type fi stula).  Adapted 
from: HolzKi J. Pediatric 
Anaesthesia 1992; 2: 297–303        

  Fig. 10.4    Esophageal atresia in a neonate. This chest radiograph 
depicts a multi-orifi ce orogastric tube (with side holes) ending at the 
mid-thoracic level. A tracheal tube ends at the thoracic inlet. Umbilical 
vein and artery catheters enter radiograph from below; one terminates 
at T6–T7 and a second at T8–T9. A gastric air bubble is not visible here       
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or palate, and genital hypoplasia, may also be associated 
with EA/TEF. EA/TEF is also associated with CATCH syn-
drome (22q deletion that includes cardiac defects, abnormal 
facies, thymic aplasia, cleft palate, and hypocalcaemia). Of 
the trisomy syndromes [ 13 ,  20 ], EA/TEF is most often asso-
ciated with Edwards syndrome (trisomy 18). Feingold syn-
drome (dominant inheritance) is similar to VACTERL 
syndrome but features microcephaly and learning diffi culties 
[ 82 ]. Other syndromes associated with EA/TEF include 
DiGeorge sequence, Pierre Robin sequence, Fanconi 
syndrome, and polysplenia [ 58 ]. 

 Non-VACTERL anomalies are being reported in associ-
ation with EA/TEF with increasing frequency. Such anom-
alies include single umbilical arteries, genital defects, 
digital defects, neurologic anomalies, and respiratory tract 
defects [ 90 ,  94 ].  

    Diagnosis 
 EA may be suspected antenatally in the presence of polyhy-
dramnios with a small or absent gastric bubble or associated 
abnormalities present in the fetus. Most cases, however, 
present after birth. A history of polyhydramnios should 
prompt the pediatrician to pass a size 8–10 Fr orogastric tube 
immediately after birth. The tube cannot pass the upper 
esophagus (EA). The diagnosis is strongly suspected in the fi rst 
few hours after birth if an orogastric tube cannot be passed 
and mucous that accumulates in the upper airway cannot be 
cleared by swallowing. The neonate chokes or becomes 
cyanosed if it attempts to feed. Aspiration pneumonia due to 
delayed diagnosis was common decades ago but is quite 
uncommon in modern medicine. 

 The diagnosis of EA/TEF should be confi rmed on plain 
X-ray of the chest and abdomen. A coiled nasogastric tube 
will be identifi ed in the upper third of the esophagus (level 
T2–T4); air in the gastrointestinal tract indicates the pres-
ence of a distal TE fi stula. A gasless gastrointestinal tract 
suggests the absence of a distal fi stula, although a proximal 
fi stula remains a possibility. Other abnormalities such as ver-
tebral anomalies (usually in the lower thoracic region) or the 
“double bubble” of duodenal atresia can also be detected on 
preoperative fi lms. A thorough clinical examination is 
important to exclude associated anomalies and the presence 
of coexisting problems, such as respiratory distress syn-
drome in premature infants. An echocardiogram is strongly 
recommended before surgery to identify cardiac defects and 
the position of the aortic arch. If the neonate has passed urine 
(thus excluding bilateral renal agenesis), then a renal US can 
be delayed until after surgery. 

 An H-type TEF is infrequently detected in the neonatal 
period but should be suspected with a history of recurrent 
chest infection due to repeated aspiration.  

    Risk Stratifi cation 
 It is helpful to stratify neonates with EA/TEF according 
to risk. The original stratifi cation by Waterson was based 
on birth weight, associated anomalies, and the presence 
of pneumonia [ 83 ]. Neonatal care has improved leading to a 
current risk stratifi cation that is based solely on birth weight 
and the presence of cardiac anomalies [ 88 ,  89 ,  95 ]. Improved 
outcomes have resulted in survival rates exceeding 98 % in 
neonates with birth weights >1,500 g and without major car-
diac anomalies, 82 % with birth weights <1,500 g or major 
cardiac anomalies, and 50 % with birth weights <1,500 g and 
major cardiac anomalies [ 95 ]. A four-part classifi cation has 
been suggested more recently, with prediction of 100 % sur-
vival in neonates with birth weights >2,000 g without cardiac 
anomalies and 40 % survival in high-risk neonates with 
birth weights <2,000 g with major cardiac anomalies [ 89 ]. 
The premature infant with a major cardiac anomaly remains 
a high risk. Parents of infants with bilateral renal agenesis 
or major complications of prematurity such as grade IV 
intraventricular hemorrhage should be given the option of 
nonoperative treatment.  

    Medical Management 
 Initial management of neonates with EA/TEF is to prevent 
aspiration of oral secretions before defi nitive surgery. A 10Fr 
double-lumen oro-esophageal Replogle tube should be 
inserted into the upper pouch and placed on continuous 
suction, or secretions should be cleared frequently by naso- 
esophageal tube suction. The neonate should be given main-
tenance intravenous fl uids and nursed 30° head up or in the 
decubitus position. Blood should be crossmatched and 
available for surgery. If preoperative ventilation is required, 

  Fig. 10.5    EA/TEF with situs inversus. Chest radiograph of a neonate 
with EA/TEF. The multi-orifi ced orogastric tube (with side orifi ces) 
ends at T3–T4 refl ecting EA. The cardiac silhouette and gastric bubble 
are reversed, present on the right side. Echocardiogram verifi ed the 
presence of a ventricular septal defect. The large gastric air bubble is 
consistent with a distal tracheoesophageal fi stula       
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inspiratory pressures should be kept to a minimum, if possi-
ble placing the tip of the tracheal tube distal to the fi stula (see 
below). Premature infants should receive surfactant accord-
ing to standard protocols.  

    Surgical Considerations 
 The aim of surgery is to restore continuity of the esophagus 
and ligate the TE fi stula, if present. Surgery is usually per-
formed on the fi rst or second day of life if the neonate is 
stable and does not require respiratory support. Primary 
esophageal anastomosis is usually possible in EA with dis-
tal TEF, although it may be preferable to divide the fi stula 
and place a feeding gastrostomy in a neonate with severe 
comorbidities such as a duct-dependent cardiac anomaly. 
Primary esophageal repair can be performed 6–12 weeks 
after cardiac surgery. 

 Emergency surgery may be required if the child requires 
preoperative ventilation, as in the case of the preterm neo-
nate with respiratory distress syndrome. If the lung compli-
ance is poor, gas from the ventilator may preferentially enter 
the gastrointestinal tract via the fi stula. This may lead to gas-
tric distension, deteriorating cardiorespiratory status, and 
possible gastric rupture. Inadvertent intubation of the fi stula 
must be excluded in cases of severe gastric distention with 
cardiorespiratory instability [ 96 ]. To prevent gastric disten-
tion from ventilation via the fi stula, some have recommended 
clamping the distal esophagus as soon as the chest is opened 
[ 97 ]. Decompressive gastrostomy should not be undertaken 
as a primary intervention as it will lead to a torrential gas 
leak via the gastrostomy and worsening minute ventilation. 
The child should undergo emergency transpleural ligation of 
the fi stula, with delayed division of the fi stula and possible 
repair of EA at 8–10 days [ 83 ]. 

 Neonates with pure EA or EA with a proximal TEF often 
have a long gap between proximal and distal ends of the 
esophagus. A feeding gastrostomy is inserted and the length 
of the gap estimated radiographically at the time of surgery. 
If the gap is greater than the vertical height of three vertebral 
bodies, upper pouch suction is continued postoperatively and 
delayed primary closure is usually possible by about 12 
weeks of age; if the gap is greater than six vertebral bodies, 
a cervical esophagostomy is often fashioned and the esopha-
gus repaired at a later date. Esophageal replacement surgery 
is occasionally required [ 83 ]. 

 An esophagoscopy or bronchoscopy is often performed at 
the start of surgery to provide absolute confi rmation of the 
diagnosis, to assess the position of the fi stula if present, and 
to exclude multiple fi stulae [ 86 ]. A variety of techniques 
have been described to identify fi stulae in neonates: rigid 
bronchoscopy, esophagoscopy, or fl exible fi beroptic bron-
choscopy via the tracheal tube. The advantage of using a 
small fl exible bronchoscope is that the scope may also be 
used to assess the position of the tip of tracheal tube, to pass 

through the fi stula to assist the surgeon in identifying the fi s-
tula during surgery, and to assess the airway at the end of 
surgery to exclude a residual blind-ending tracheal pouch 
and the severity of the tracheomalacia near the fi stula [ 98 ]. 

 The traditional approach to repair of EA/TEF is extra-
pleural via a right posterolateral thoracotomy with the neo-
nate placed in the lateral decubitus position with a roll under 
the chest to facilitate surgical access. The posterior mediasti-
num is approached via the 4th and 5th intercostal spaces and 
the extrapleural route, gently compressing the right lung. 
The approach is delicate and time consuming but reduces 
morbidity from an anastomotic leak, should one occur. If a 
right arch is confi rmed on preoperative echo, a left-sided 
approach should be considered and a double aortic arch may 
be approached via the standard right thoracotomy [ 91 ]. If the 
child becomes unstable, a transpleural approach may be 
used. 

 Thoracoscopic repair has become popular in specialist 
centers in recent years and, in expert hands, has the same 
complication rate as open techniques, with comparable blood 
gases, operating times, and reduced time in intensive care 
postoperatively [ 99 – 101 ]. Currently recommendations are 
based on large case series, since no randomized controlled 
trials have compared the two techniques [ 34 ,  35 ,  102 ]. For 
thoracoscopic repair, the child is placed semiprone with the 
right side of the chest elevated at 45° so that the structures 
may be easily visualized. Lung defl ation is produced by CO 2  
insuffl ation, and care should be taken to minimize hypercar-
bia, as described previously. 

 Major concerns during open or thoracoscopic surgery 
include accurate identifi cation of anatomical structures and 
cardiorespiratory instability due to OLV and distortion of the 
trachea. The anesthesiologist may be asked to push on the 
Replogle tube to help identify the proximal esophageal 
pouch. Test occlusion of the fi stula is good practice to ensure 
that the right lung can still be infl ated and that a vital struc-
ture (e.g., the pulmonary artery or main bronchus) has not 
been clamped in error. If the neonate does not tolerate OLV, 
surgery may have to proceed with intermittent two-lung ven-
tilation once the neonate recovers. This requires good com-
munication between the anesthesiologist and surgeon. 
Increased FiO 2  and hand ventilation may be required, but 
respiratory compromise usually improves after ligation of 
the fi stula. The integrity of tracheal repair can be checked by 
instilling warm saline in the chest during a sustained infl a-
tion to identify an air leak by the presence of air bubbles. The 
lower esophagus should not be aggressively mobilized in 
order to avoid devascularization, as this may cause later 
problems with esophageal motility. A gas leak from the 
upper pouch during esophageal anastomosis should raise 
suspicion of an upper pouch fi stula. Dissection of the upper 
pouch helps to identify a proximal fi stula, if one is present, 
and allows mobilization of the esophagus to minimize 
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 tension of the repair. If there is signifi cant tension at the 
anastomosis, the neonate should remain paralyzed and the 
lungs ventilated mechanically for approximately 5 days 
postoperatively [ 83 ]. A transanastomotic tube (TAT tube) 
placed under direct vision before the anastomosis is com-
pleted facilitates early feeding and should be clearly marked 
to preclude accidental removal postoperatively. 

 Early complications at EA/TEF repair include tracheo-
bronchomalacia (20–40 %), anastomotic leak (15–20 %), 
anastomotic stricture (30–50 %), and recurrent fi stula (10 %) 
[ 103 ]. Tracheomalacia is due to abnormal cartilage in the 
region of the fi stula and often produces a typical barking 
cough. In severe cases, the child may develop recurrent chest 
infections or “near death” episodes due to acute airway col-
lapse, and emergency aortopexy may be required in the fi rst 
few months after repair [ 83 ]. An early anastomotic leak may 
cause a tension pneumothorax; a chest drain should be 
inserted and the leak explored and repaired. Late complica-
tions include gastroesophageal refl ux (severe refl ux in 40 %) 
and recurrent chest infections, probably related to gastro-
esophageal refl ux [ 82 ]. Long-term respiratory complications 
including bronchiectasis may result from aspiration, GERD, 
and chest wall abnormalities [ 104 ]. Both the parents and 
their neonate are at risk for psychological and traumatic 
stress (including post-traumatic stress disorder) [ 105 ]. These 
are long-term issues centered around feeding diffi culties, 
multiple painful procedures and surgeries, feeding, and air-
way issues.  

    Anesthetic Considerations 
 Anesthetic considerations include general factors relating to 
the thoracotomy or thoracoscopic surgery in neonates and the 
high incidence of comorbidity. Specifi c considerations 
include airway management and positioning the tracheal tube 
in the presence of a tracheal fi stula. Selective OLV is not usu-
ally required as the surgeon can easily compress the lung to 
access the fi stula. Every neonate should have a preoperative 
echocardiogram to identify the presence of a congenital heart 
defect that may range from a patent ductus arteriosus or ASD/
VSD to a hypoplastic left heart. Failure to be aware of the 
presence of a congenital heart defect during one-lung anes-
thesia for an EA/TEF repair could lead to catastrophic com-
plications including hypoxia, hypotension, and cardiac arrest. 

 The main anesthesia complications relate to inadvertent 
intubation of the fi stula or preferential ventilation of the fi s-
tula causing gastric distension and desaturation [ 95 ,  106 , 
 107 ]. As described above, the fi stula may vary in position; 
two-thirds occur in the mid-trachea and one-third occur at or 
near the carina. The majority of complications have been 
described with large fi stulae, particularly when they occur 
near the carina. 

 The traditional technique to secure the airway in these 
neonates has been to intubate the trachea while the neonate 

remains awake and maintain spontaneous respiration until the 
fi stula was controlled. However, this is no longer recommended. 
A variety of anesthetic techniques and techniques of airway 
management have been described [ 82 ,  98 ,  106 – 109 ]. Most 
advocate inhalational or intravenous induction, according to 
personal preference, with muscle relaxant and gentle mask ven-
tilation before intubating the trachea [ 98 ,  106 – 108 ]. 

 Several approaches have been popularized to position the 
tracheal tube while avoiding intubating the  tracheoesophageal 
atresia. One popular technique is to deliberately intubate the 
right main bronchus after general anesthesia is induced and 
then withdraw the tube until bilateral air entry is confi rmed. 
This ensures the tracheal tube is below the fi stula but does 
not prevent intubation of a large fi stula at the carina [ 96 ]. 
Alternatively, rigid bronchoscopy (or fl exible bronchoscopy 
after intubation) may be used to demonstrate the precise 
level of the fi stula (or exclude multiple fi stulae) and then 
plan the intubation strategy. If the fi stula is mid-tracheal, the 
tip of the tracheal tube is ideally positioned just below the 
fi stula, with the bevel facing anteriorly (to avoid ventilating 
the fi stula since the origin of the fi stula is the posterior tra-
cheal wall) and gentle positive pressure ventilation used. If 
the fi stula is at the carina, the tracheal tube may still be 
placed at the mid-tracheal level, provided the fi stula is small. 
The tracheal tube should be fi xed carefully and the position 
of the tube checked again after positioning for surgery to 
make sure that the dependent lung remains ventilated. 

 In the unusual situation of a large fi stula at the level of 
the carina resulting in preferential gastric ventilation, some 
authors suggest passing a 2 or 3Fr Fogarty embolectomy 
catheter through the fi stula into the stomach via the rigid 
bronchoscope; the balloon of the Fogarty catheter is then 
infl ated to occlude the fi stula. The tracheal tube is posi-
tioned alongside the Fogarty catheter [ 106 ]. This may not be 
a suitable technique if the child is very small or unstable. In 
such a case, the surgeon should proceed directly to thora-
cotomy to ligate the fi stula as quickly as possible. Alternately, 
the chest may be opened rapidly and the distal esophagus 
ligated below the fi stula [ 97 ]. If the stomach becomes very 
distended before the fi stula is occluded, the tracheal tube 
should be disconnected intermittently to decompress the 
stomach via the airway. 

 Analgesia may be managed using an opioid-based tech-
nique such as fentanyl or remifentanil intraoperatively and 
morphine IV postoperatively, particularly for the child with 
long-gap EA who will remain ventilated postoperatively. 
Regional techniques using caudal catheters have been 
described and are most suitable for low-risk infants who are 
likely to be extubated in the immediate postoperative period. 
Many pediatric surgeons prefer a controlled extubation by 
anesthesia immediately postoperatively to reduce the risk/
need for emergency reintubation that may damage the 
surgical closure. 
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 Blood loss during surgery is usually minimal; intravenous 
crystalloid such as Ringer’s is ideal and fl uid volume of 
10–20 ml/kg is usually required. The blood glucose concen-
tration should be measured [ 24 ]. Broad-spectrum antibiotics 
should be given before skin incision and continued postop-
eratively. Secure intravenous access should be obtained, and 
some prefer arterial access to monitor blood pressure beat to 
beat and to sample the blood gases during one-lung ventila-
tion, particularly in infants with signifi cant comorbidity. 
Neonates with cardiac disease have a greater incidence of 
critical events such as desaturation or the need for new ino-
tropic support compared with those without cardiac disease 
as well as a 57 % mortality during the hospitalization for 
those with ductal-dependent congenital heart disease [ 87 ]. 
These data underscore the need for a preoperative echocar-
diogram to identify a possible cardiac defect in all neonates 
with EA/TEF and, if a heart defect is present, to discuss the 
need for central venous access. Phenylephrine should be pre-
pared to treat a “tet spell” in a neonate with an unrepaired 
tetralogy of Fallot.   

    Congenital Diaphragmatic Hernia 

 Congenital diaphragmatic hernia (CDH) occurs in 1:2,500 
live births, with a slight predilection for males. There are two 
major types: Bochdalek (posterolateral defect) (Fig.  10.6a, 
b ) and Morgagni (anterior) (Fig.  10.7a, b ) [ 110 ]. The pos-
terolateral defect accounts for 85–95 % cases of CDH and 

most are diagnosed antenatally. CDH is associated with 
 herniation of the abdominal viscera into the affected hemi-
thorax, with displacement of the mediastinum to the contra-
lateral side (Fig.  10.6a, b ). The lung on the side of the hernia 
is hypoplastic, whereas the lung on the contralateral side is 
usually normal (if survival is likely) or hypoplastic (if sur-
vival is unlikely). The degree of lung hypoplasia and associ-
ated pulmonary hypertension are the major determinants of 
outcome; surgical repair of the diaphragm has a relatively 
minor contribution to the long-term outcome. Anomalies 
occur in 40–60 % of neonates with CDH. These include car-
diac, neural tube, chromosomal, renal, and genital anomalies 
and pulmonary sequestrations, as well as malrotation and 
duodenal atresia [ 111 ,  112 ]. The anterior (Morgagni) defect 
accounts for only 2 % of diaphragmatic hernias, located 
retrosternal (at the level of the xiphoid) or anteromedially in 
the diaphragm (Fig.  10.7a, b ). These are often asymptomatic 
and may not be detected until adulthood [ 113 ].   

    Embryology 
 The diaphragm develops during weeks 4–8 from four embry-
ological elements. A Bochdalek hernia results from failure of 
closure of the pleuroperitoneal canals during early embryonal 
life, often with early in-growth of the liver through the 
defect. The exact cause for CDH remains unknown but may 
be associated with genetic factors that lead to failure in cell 
migration, myogenesis and formation of connective tissue, or 
abnormalities of the retinoid signaling pathway, which is 
important in the development of the diaphragm. CDH may 

  Fig. 10.6    Congenital diaphragmatic hernia (CDH): foramen of 
Bochdalek defect. ( a ) This chest radiograph depicts a neonate with con-
genital diaphragmatic hernia in the left (classic Bochdalek defect) chest 
with stomach and bowel in the chest, displacing the heart to the right 
chest. Note the multi-orifi ced orogastric tube (with side holes) in the 
esophagus, curving up and across the diaphragm and terminating in the 

stomach in the left chest. The tracheal tube ends at the thoracic inlet. 
PICC line enters the right chest and ends in the superior vena cava. ( b ) 
A schematic of a neonate with a CDH with bowel present in the left 
chest; the right lung is compressed and the heart is deviated toward the 
right chest (Courtesy of Dr. Satyan Lakshminrusimha, Division of 
Neonatology, Women and Children’s Hospital of Buffalo, Buffalo, NY)       
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occur as an isolated abnormality (often associated with a 
mutation on chromosome 15q26) or occasionally associated 
with syndromes such as Pallister-Killian, Fryns syndrome, 
Cornelia De Lange, or Edwards syndrome [ 111 ]. Abnormal 
karyotyping has been reported in 16 % of neonates with 
CDH, in 4 % of those without anomalies, and 39 % of those 
with anomalies [ 114 ,  115 ].  

    Diagnosis 
 The diagnosis of CDH is made by antenatal ultrasound in 
~70 % of cases, due to the presence of intrathoracic bowel 
loops or stomach, often signaled by a history of maternal 
polyhydramnios [ 114 ,  116 ]. All cases should be referred to a 
specialist center. The fetus should be screened for associated 
anomalies and the family provided with antenatal counsel-
ing, particularly if there are features associated with a poor 
prognosis (see below) [ 117 ,  118 ]. Antenatal MRI scans may 
provide further prognostic information about lung volume, 
liver herniation, left ventricular mass, and pulmonary diam-
eter, but is not routine [ 111 ]. 

 Postnatally, the neonate may present with an exacerbation 
of their respiratory distress. Symptoms may range from mild 
to severe, depending on severity of the CDH.    The abdomen 
is scaphoid as the intestine is in the chest, and breath sounds 
are reduced on the affected side. The diagnosis is confi rmed 
by X-ray of the chest and abdomen, which helps differentiate 
from other chest pathologies such as CCAM. A nasogastric 
tube should be placed before imaging as this may lie or curl 
above the diaphragm if the stomach is in the chest. An echo-
cardiogram should be sought to delineate associated cardiac 
abnormalities and to estimate the severity of the pulmonary 

hypertension [ 119 ]. Serial cranial ultrasound should be per-
formed to exclude an intracranial bleed.  

    Outcomes 
 Despite the advances in the medical and surgical manage-
ment of this condition, the overall mortality remains at 
21–48 %. However, specialist centers with a large number of 
cases have better survival rates of up to 80 % live births 
[ 120 ]. Mortality in nonsyndromic infants is primarily related 
to pulmonary hypoplasia and pulmonary hypertension and, 
as surrogate markers of severity, the need for ECMO/HFOV 
or for patch repair [ 121 ]. Right-sided, bilateral, or large 
defects, a lung to head ratio of 1.0 or less, and the presence 
of the liver in the chest portend worse outcomes, as do pre-
maturity, chromosomal anomalies, severe cardiac defects 
(particularly transposition of the great arteries or single ven-
tricle physiology), and spinal anomalies [ 122 ,  123 ]. In an 
effort to establish a standardized scoring system, an interna-
tional consensus concluded that the size of the diaphragmatic 
defect (as a surrogate for the severity of pulmonary hypopla-
sia and hypertension) and the severity of the cardiac defect 
may predict outcome [ 124 ]. ECMO required for more than 
two weeks or associated with renal complications, or persis-
tent pulmonary hypertension for more than 3 weeks are also 
associated with high mortality [ 117 ,  118 ,  120 ,  121 ]. 

 Morbidity associated with CDH in the longer term 
includes ongoing respiratory problems with recurrent infec-
tions and reduced exercise capacity compared with age- 
matched peers, neurocognitive defects secondary to neonatal 
hypoxia or intracranial hemorrhage, and visual impairment 
and deafness, possibly related to intensive care management. 

  Fig. 10.7    ( a ,  b ). Congenital diaphragmatic hernia. Foramen of Morgagni 
defect. ( a ) This AP chest radiograph depicts a neonate with congenital 
diaphragmatic hernia with a loop of bowel that herniated through a defect 
in the anteromedial (retrosternal) area of the diaphragm (foramen of 

Morgagni). ( b ) This lateral chest radiograph depicts a loop of bowel in the 
immediate retrosternal space (see  arrow ), rising above the anterior aspect 
of the diaphragm (Courtesy of Dr. K. Valle, Division of Pediatric Surgery, 
Women and Children’s Hospital of Buffalo, Buffalo, NY)       
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Gastroesophageal refl ux is common and may require medical 
or surgical intervention. Recurrence rates of up to 50 % are 
reported in CDH especially if an initial patch repair is required. 
Scoliosis and chest wall deformity may also occur [ 111 ].  

    Prenatal Treatment 
 Prenatal treatment for CHD has been trialed with varying 
success. The most promising treatment is fetal endoscopic 
tracheal occlusion (FETO) with a balloon for babies with 
poor prognosis based on lung measurements. FETO prevents 
the egress of lung fl uid from the fetal lung and improves lung 
growth and reduces vascular resistance. The tracheal balloon 
is either removed before delivery, by ex-utero intrapartum 
treatment (EXIT), or punctured immediately after delivery 
by tracheoscopy or percutaneous puncture [ 125 ,  126 ]. 
Promising results have been reported, but the complication 
rate is relatively high and may include previously unrecog-
nized conditions such as tracheomegaly or bronchomegaly 
[ 127 ]. Premature delivery contributes to the poor outcomes 
of FETO [ 125 ]. In a randomized controlled trial of FETO, 
survival in neonates with isolated severe CDH is improved 
[ 125 ,  126 ,  128 ].  

    Medical Management 
 Medical management of CDH has changed dramatically 
over the last two decades, from a strategy of early emergency 
surgery with aggressive hyperventilation to reduce pulmo-
nary hypertension to optimizing the cardiorespiratory status 
using a “gentle ventilation” strategy to minimize barotrauma 
that includes minimum peak inspiratory pressures, maintain-
ing spontaneous ventilation and permissive hypercarbia fol-
lowed by a planned, surgical intervention [ 129 ]. 

 Delivery should be planned at or near a center with pedi-
atric surgical and NICU expertise so that the optimal postna-
tal respiratory support and timely surgical intervention can 
be provided. The neonate should be allowed to mature to 
term to permit maximum maturation of the lung. A nasogas-
tric tube should be passed after delivery to decompress the 
stomach, central and arterial access obtained, and the warm-
ing strategies commence with minimal handling. Pulmonary 
surfactant has not been shown to be benefi cial [ 130 ]. 

 Since most neonates require some level of ventilatory 
support after birth, it seems prudent to intubate their tra-
cheas at delivery. The initial ventilation strategy (conven-
tional or high-frequency oscillation) varies among centers 
in the absence of randomized controlled trials [ 131 ]. The 
aim should be to achieve pre-ductal SpO 2  85–95 %, post-
ductal SpO 2  >70 %, arterial pCO 2  45–60 mmHg, and 
pH > 7.25. If a conventional ventilation strategy is used, the 
initial settings should include a peak inspiratory pressure 
(PIP) 20–25 cmH 2 O, positive end-expiratory pressure 
(PEEP) 2–5 cmH 2 O, and a frequency 40–60 breaths per 
minute with minimum required inspired oxygen to main-

tain the threshold oxygen saturation. Prolonged use of 
   muscle relaxants is ideally avoided, and the neonate should 
be allowed to breathe spontaneously between assisted 
breaths. If HFOV is used, the initial settings should include 
a mean airway pressure 13–17 cmH 2 O, frequency 10 Hz, 
amplitude (∆P) 30–50 cmH 2 O, and I:E ratio 1:1. 
Hyperinfl ation of the lungs should be avoided (<8 ribs on 
unaffected side on chest X-ray). 

 Echocardiography should be performed to estimate the 
pulmonary artery pressure, direction of shunting across the 
arterial duct/foramen ovale, myocardial contractility, the 
presence of a congenital heart/vascular defect, and the 
response to treatment. The oxygenation index (OI) should be 
calculated (OI = mean airway pressure (cmH 2 O) × FiO 2  × 100/
PaO 2  (mmHg)). Inhaled nitric oxide (iNO) 10–20 ppm may 
be indicated if the OI is >20 or the pre-post-ductal oxygen 
saturation difference is >10 %. The use of iNO is controver-
sial and response should be assessed using echocardiogra-
phy. Prostacyclin or prostaglandin E1 (PGE1) should be 
considered if there is no response to iNO. Many units use 
PGE1 routinely to prevent closure of the arterial duct and to 
off-load the right ventricle. Sildenafi l or milrinone may be 
indicated if pulmonary hypertension is refractory to treat-
ment or persistent [ 132 ], but may cause systemic hypoten-
sion [ 130 ]. Endothelin receptor antagonists (bosentan) and 
tyrosine kinase inhibitors (imatinib) are currently under 
investigation. Fluid boluses may be required if peripheral 
perfusion is poor or hypotension is present. If cardiovascular 
instability persists, inotropes may be required to increase the 
mean arterial pressure to the upper normal range in order to 
reduce right to left shunting across the arterial duct. 

 Venoarterial extracorporeal membrane oxygenation 
(ECMO) may be offered in some centers as temporary stabi-
lization and support in cases of severe cardiorespiratory fail-
ure. Specifi c ECMO criteria vary between centers; current 
European criteria for ECMO include inability to maintain 
pre-ductal saturation >85 % or post-ductal saturation >70 %, 
respiratory or metabolic acidosis with a pH < 7.15, need for 
aggressive ventilation, or refractory systemic hypotension 
[ 133 ]. The neonate should be >2 kg and >35 weeks gesta-
tion, have no lethal congenital abnormalities, have no irre-
versible organ dysfunction (including neurological injury), 
and have no contraindication to systemic anticoagulation.  

    Surgical Considerations 
 The objectives of surgery in the management of CDH are to 
reduce the herniated contents safely into the abdomen and 
repair the defect. Ideally, surgery should be delayed until the 
neonate is stable, that is, off inotropes (with the possible 
exception of dopamine) for 24 h. Some have used “stability” 
criteria to determine the neonate’s eligibility for surgery; how-
ever these criteria may be more appropriate for determining the 
timing, rather than eligibility, for surgery [ 134 ]. Surgical 
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 intervention is possible while the neonate is on ECMO, 
although early studies suggested that the mortality was 
increased because of a greater risk of bleeding. Many centers 
undertake surgery only after weaning the neonate from 
ECMO, although some have achieved acceptable mortality 
rates repairing CDH on ECMO by limiting the use of antico-
agulants and using antifi brinolytics [ 135 ]. For large defects, a 
patch repair may be required as a dome shape rather than a fl at 
repair.    Surgery may be performed by using an open technique 
(usually laparotomy) or a minimally invasive technique. 

 Laparotomy via an upper abdominal transverse incision 
allows good access to the length of the diaphragm and can be 
extended easily if further access is required. The abdominal 
contents are reduced into the abdomen and the defect is iden-
tifi ed. The spleen may require gentle fi nger reduction rather 
than simple traction on the gastric and colonic attachments, 
to avoid damage and bleeding. A hernial sac, which is pres-
ent in 10–20 % of cases, is usually excised during surgery. 
Pulmonary sequestrations may also be found, either supra- 
or subdiaphragmatic, and these are also excised. The hypo-
plastic ipsilateral lung may be seen via the defect in the 
chest. The diaphragmatic rim should be mobilized and, if 
possible, a primary repair performed without tension using 
nonabsorbable interrupted sutures. If the diaphragm is defi -
cient laterally, then the sutures should incorporate a large 
bite of rib or muscle to prevent recurrence. If the defect can-
not be closed without tension or is very large, a patch repair 
is required, although this technique is associated with worse 
short-term and long-term outcomes. A variety of nonabsorb-
able materials have been used, including Gore-Tex ® , 
Marlex ® , Dacron ® , and Silastic ® . Nonabsorbable materials 
have the advantage of cost, reduced bleeding, and easy han-
dling; however they do not grow with the child and may actu-
ally shrink over time. These materials are associated with 
adhesions, increased recurrence, gastroesophageal refl ux, 
and chest wall deformities [ 135 ]. Newer biosynthetic patch 
materials such as collagen lattices with embedded growth 
factors (Surgisis ® , AlloDerm ® ) are under investigation, 
although they may increase the risk of postoperative small 
bowel obstruction. Techniques that involve muscular fl aps 
have been described, but they are time-consuming and may 
be associated with increased bleeding and abdominal wall 
deformity. Myogenic patches may be developed in the future 
[ 135 ]. A chest drain is not used routinely as the underwater 
drain may cause overdistension of the hypoplastic lung. Such 
a drain may be inserted at a later date if a clinically signifi -
cant effusion develops. The advantage of the abdominal 
approach is that a Ladd’s procedure can be performed at 
the same time if the position of the duodenojejunal (D-J) 
fl exure is consistent with malrotation and there is the poten-
tial for malrotation. 

 MIS for CDH has been reported using both laparoscopic 
and thoracoscopic approaches. The laparoscopic approach 

enables better instrument handling for the diaphragmatic 
repair. Reduction of contents against the pneumoperitoneum 
and the subsequent lack of intra-abdominal space after 
reduction can be challenging. The thoracoscopic approach is 
preferred by many and has the advantage that the pneumo-
thorax encourages reduction and there is an excellent view of 
the diaphragm after reduction. The lateral suture placement 
can be very diffi cult due to the rigidity and shape of the tho-
racic cavity. Initial reports of thoracoscopic repair also sug-
gested an early higher recurrence rate [ 136 ]. Right-sided 
CDH, CDH-associated liver herniation, and the need for 
patch closure may be better suited for an open procedure. As 
for thoracoscopic repair, carbon dioxide absorption and aci-
dosis can be problematic during MIS [ 101 ]. For this reason, 
an open surgical approach is probably preferred for neonates 
with CDH and congenital heart disease, for those who 
required ECMO, or for those who have continuing systemic 
right ventricular pressures or require signifi cant inotropic 
support [ 137 ]. 

 It is important to avoid a “fl at” diaphragmatic repair dur-
ing primary or domed patch repair. When the herniated chest 
contents are reduced into the abdomen, the intra-abdominal 
pressures may increase to cause abdominal compartment 
syndrome. If there is evidence of signifi cant venous conges-
tion of lower limbs after closure, then an abdominal wall silo 
should be left as a laparotomy at the site of the abdominal 
incision, as for gastroschisis repair. This may be closed a few 
days later.  

    Anesthetic Considerations 
 Management of pulmonary hypertension and pulmonary 
insuffi ciency and the timing of surgery are primary consider-
ations in these neonates. Surgical repair should only be per-
formed in physiologically stable neonates, ideally when 
inotropic support is no longer required and the neonate has 
been weaned off ECMO, usually at 2–6 days after birth 
[ 120 ]. If the child becomes unstable on transfer to or in the-
ater before surgery begins, then surgery should be postponed. 
Some units perform surgery in the NICU, but it remains a 
contentious issue (see Chap.   13    ) [ 135 ]. 

 A balanced anesthesia technique that includes opioids 
such as high-dose fentanyl 20–50 mcg/kg [ 10 ], muscle 
relaxants, and an inhalational anesthetic should be used to 
preclude a pulmonary hypertensive crisis. Nitrous oxide 
should be avoided. The ventilatory strategy should be the 
same as in NICU; an intravenous technique will be required 
if the child is receiving HFOV or remains dependent on 
ECMO. Invasive monitoring should be continued from the 
NICU, with transcutaneous carbon dioxide monitoring to 
supplement direct measurement of arterial PaCO 2 , particu-
larly in MIS. 

 Surgical repair is usually uneventful and blood loss 
usually limited (special precautions are required if the child 
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remains on ECMO). Hypotension usually responds to fl uid 
boluses of 10–20 ml/kg balanced salt solution or an increase 
in the infusion rates of inotropes. Hypotension in the pres-
ence of an increasing difference between the pre- and post- 
ductal SpO 2  values may indicate an intraoperative pulmonary 
hypertensive crisis. Simple interventions include increasing 
FiO 2 , increasing depth of anesthesia, opioid administration, 
and correction of the acidosis that are usually effective. iNO 
should be available in the event of a pulmonary hypertensive 
crisis unresponsive to these measures. If oxygenation dete-
riorates intraoperatively, a pneumothorax on the contralat-
eral (good lung) side and an endobronchial intubation must 
be excluded. At the conclusion of surgery, the neonate should 
be transferred back to the NICU; the duration of postopera-
tive ventilation is determined by the severity of pulmonary 
hypoplasia and pulmonary hypertension.    

    Abdominal Surgery 

    Inguinal Hernia 

 Inguinal hernias occur commonly with a childhood inci-
dence of 0.8–4.4 %. Males are affected 8–10 times more than 
females. Premature infants have an increased risk of hernias 
with an incidence of 13 % in neonates born at <32 weeks 
gestational age (GA) and 30 % in infants <1 kg birth weight 
[ 138 ]. This group also has an increased risk of complications 
such as obstruction and incarceration. Inguinal hernia is also 
associated with cystic fi brosis, connective tissue disorders, 
and abdominal wall defects. 

    Pathophysiology 
 Inguinal hernias result from the failure of obliteration of the 
patent processus vaginalis (PPV), which develops during tes-
ticular descent. Up to 50–80 % of neonates may have a PPV 
and remain asymptomatic until bowel or other intra- 
abdominal contents enter this sac. When that occurs, it is 
classifi ed as an inguinal hernia. The right side is more fre-
quently affected (60 %) than the left, with 10–15 % of cases 
occurring bilaterally (with a greater incidence in infants).  

    Diagnosis 
 An inguinal hernia is diagnosed clinically with the history or 
presence of a groin swelling (Fig.  10.8 ). This may extend 
into the scrotum on the ipsilateral side. The testis should also 
be palpated during examination, separate to the groin swell-
ing. The hernia may contain bowel, omentum, or the ovary in 
females. Examination should ensure that the hernia is reduc-
ible; if the hernia is irreducible (i.e., incarcerated), then the 
hernia immediately becomes a surgical emergency. The 
majority (60 %) of incarcerated inguinal hernias occur in the 
fi rst 6 months of life.   

    Surgical Management 
 Inguinal hernias require surgical closure of the PPV. In many 
centers, hernia repair is performed as an open procedure via 
an inguinal incision with ligation of the sac after separating 
it from the vas and testicular vessels. Care must be taken to 
fully mobilize and ligate the sac to prevent recurrence, while 
preserving the vas and vessels with minimal surgical trauma. 
The duration of anesthesia and surgery for inguinal hernia 
repair in neonates is greater than in older children. The risks 
of recurrence or testicular atrophy are greater in neonates, 
particularly if the hernia has become incarcerated. 

 Laparoscopic repair may also be performed with closure 
of the internal ring with a nonabsorbable suture. This tech-
nique allows assessment of the contralateral side and bilat-
eral repair if indicated, which may be particularly benefi cial 
in infants as there is a 60 % incidence of bilateral hernia or 
contralateral PPV in infants. There is less dissection of the 
cord structures, which may result in less damage; laparo-
scopic hernia repair in infants is a safe procedure with a 
small complication rate, although long-term outcomes are 
not yet available [ 139 ]. The laparoscopic approach is feasi-
ble even in very small neonates, although the ability to toler-
ate carbon dioxide insuffl ation is an important factor, and the 
procedure may be more challenging technically in the very 
premature or low-birth-weight neonates. Instead of carbon 
dioxide insuffl ation, some advocate gasless laparoscopy in 

  Fig. 10.8    Inguinal hernia in a neonate. Close-up of a right inguinal 
hernia (Courtesy of Dr. YH Lee, Division of Pediatric Surgery, Strong 
Hospital, University of Rochester, Rochester, NY)       
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neonates thereby obviating the cardiorespiratory effects of a 
carboperitoneum [ 140 ].  

    Anesthetic Management 
 The timing of surgery in neonates who require hernia repair 
remains controversial, particularly in premature neonates; 
the younger the neonate, the more susceptible they are to 
postoperative apneas as well as surgical complications. This 
has to be balanced with the risk of incarceration if surgery is 
delayed. Many centers plan surgery for premature infants 
near the time of discharge from the hospital, and others delay 
surgery until after discharge to reduce the potential for post-
operative apnea and the need for prolonged postoperative 
ventilation [ 141 ]. 

 An analysis of data from prospective studies of former pre-
term infants undergoing hernia repair under general anesthesia 
in the mid-1980s and late 1990s suggested that the probability 
of postoperative apnea in premature infants was <1 % at PCA 
56 weeks, with negligible risk of postoperative apnea at 60 
weeks PCA. The risk factors for postoperative apnea were 
gestational age at birth, postconceptional age, ongoing preop-
erative apneas, and anemia (hematocrit < 30 %) [ 142 ]. Factors 
that may reduce the frequency of apneas in premature infants 
after general anesthesia include regional block (spinal anes-
thesia) without sedation, an ilioinguinal/iliohypogastric nerve 
block, administration of intravenous caffeine 10mg/kg, and 
the avoidance of neuromuscular blockade or potent opioids 
[ 143 ,  144 ]. Respiratory events after sevofl urane and desfl u-
rane anesthesia occur with similar frequencies in premature 
neonates [ 145 ]. Current practice guidelines recommend post-
operative apnoea monitoring for neonates/infants who are full 
term but less than 44 weeks PCA and infants who were prema-
ture at birth (e.g., ≤37 weeks gestation) and who are less than 
60 weeks PCA, although it has been suggested that this guid-
ance could be relaxed to 46 weeks for former preterm infants 
without other risk factors for postoperative apnea [ 146 ]. 

 Spinal or caudal epidural anesthesia as a sole technique 
may be associated with fewer postoperative respiratory com-
plications than general anesthesia but has a signifi cant failure 
rate [ 146 ,  147 ]. The GAS study (general anesthesia versus 
spinal anesthesia for infants undergoing hernia repair) may 
yield further evidence to support the choice of anesthesia for 
hernia repair in this vulnerable group of infants [ 148 ].   

    Pyloric Stenosis 

 Pyloric stenosis occurs in 1–3:1,000 births and is four to fi ve 
times more common in males than females and more com-
monly in fi rstborn males. The etiology of    pyloric stenosis has 
been elusive, although there is some evidence for a genetic 
basis for the disease, feeding practices, erythromycin expo-

sure postnatally (or prenatally), sleeping position (prone 
increases the risk), and possibly infectious moieties [ 149 –
 152 ]. The age at which pyloric stenosis presents has been 
gradually decreasing. Currently, most cases present at 2–5 
postnatal weeks, after several days of projectile vomiting 
[ 153 – 155 ]. Pathological hypertrophy of the inner layer of 
smooth muscle in the pylorus results in gastric outlet obstruc-
tion, which leads to the projectile nature of the vomiting. 

 Pyloric stenosis is usually an isolated defect. However, in 
many cases, it is associated with genetic syndromes includ-
ing Cornelia de Lange and Smith–Lemli–Opitz syndromes 
as well as chromosome 8 and 17 translocations and (partial) 
trisomy 9 [ 150 ]. 

    Diagnosis of Pyloric Stenosis 
 The classic symptom of pyloric stenosis is non-bilious pro-
jectile vomiting. Term infants are predominantly affected, 
although pyloric stenosis does occur in premature infants. 
The diagnosis may be confi rmed by clinical examination 
with visible gastric peristalsis and a palpable pyloric “tumor.” 
These signs may be more clearly demonstrated with a “test 
feed.” The classical biochemical picture is one of dehydra-
tion with hypochloremic metabolic alkalosis due to loss of 
gastric acid. Total body potassium may be depleted due to 
the renal compensation and tubular reabsorption of hydrogen 
and sodium ions and water in exchange for potassium. 
However, mounting evidence suggests that neonates with 
pyloric stenosis present earlier in their disease process, 
resulting in less severe electrolyte imbalance in the past 
decade [ 155 ,  156 ]. As a result of the less severe electrolyte 
imbalance and the increasing reliability of ultrasound to 
delineate both the thickness and length of the pylori (with a 
sensitivity of 100 % and specifi city of 98 %), ultrasound has 
supplanted the electrolyte panel as the cardinal criterion for 
diagnosis of pyloric stenosis [ 153 – 155 ,  157 ].  

    Medical Management 
 This disorder is a medical, not surgical, emergency. Initial 
management consists of rehydration and correction of any 
electrolyte imbalance. Depending on the severity of the fl uid 
and electrolyte derangements, 24–48 h preparation may be 
required, although affected neonates are reaching pediatric 
surgeons earlier in the disease process currently, reducing the 
time required to correct electrolyte disturbances [ 155 ,  156 ]. 
Surgical intervention should not be undertaken until the neo-
nates have been stable medically and the plasma bicarbonate 
is <28 mmol/l and plasma chloride >100 mmol/l. Infants with 
severe dehydration may require an initial fl uid bolus of 20 ml/
kg 0.9 % saline, followed by maintenance fl uid with 5–10 % 
dextrose and 0.45 % saline, provided the plasma sodium is in 
the normal range. The stomach should be decompressed 
with a nasogastric tube, and gastric losses replaced ml for ml 
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with intravenous 0.9 % saline and 10 mmol KCL per 500 ml. 
Potassium should be added to maintenance fl uids only after 
the child begins to pass urine [ 153 ].  

    Surgical Management 
 The traditional operation for pyloric stenosis is Ramstedt’s 
pyloromyotomy, an extramucosal longitudinal splitting of 
the hypertrophied muscle (Fig.  10.9 ). This was originally 
described using an upper midline incision but many centers 
now use a supraumbilical approach to provide better cosme-
sis. Laparoscopic pyloromyotomy is also widely performed, 
and a recent randomized controlled study and meta-analysis 
have demonstrated some benefi ts from this approach 
(reduced time to full feed and length of stay), without an 
increase in postoperative complications although the debate 
continues regarding the superiority of the laparoscopic over 
the open approach for pyloric stenosis [ 158 ] (Fig.  10.10 ) 
[ 30 ]. Whether laparoscopic approach includes multiple inci-
sions, a single incision, or a microlaparoscopic (<2 mm 
diameter instruments) approach [ 159 ], it would appear to be 
the evolving standard for pyloromyotomy.    

   Anesthetic Considerations 
 Surgery should only be scheduled after the fl uid status and 
electrolyte concentrations (including pH) have been normal-
ized; otherwise, the child will be at increased risk of post-
operative apnea, arrhythmias, and circulatory instability. 
A nasogastric tube will be in situ before induction of anesthesia. 
After administering atropine 0.02 mg/kg IV, the nasogastric 

tube is replaced with a large red rubber catheter in some 
 centers to suction the gastric contents in the supine and decu-
bitus positions, before induction of anesthesia. When com-
plete, the red rubber catheter is removed. The traditional 
induction technique for pyloromyotomy is a modifi ed RSI, 
in which cricoid pressure is avoided after consciousness is 
lost, but gentle mask ventilation continues with 100 % oxy-
gen until laryngoscopy begins. Surveys of experienced pedi-
atric anesthesiologists reveal that fewer than 50 % apply 
cricoid pressure to infants with pyloric stenosis [ 160 ,  161 ]. 
In fact, cricoid pressure is diffi cult to apply correctly in 
young infants and may distort the airway, complicating 
laryngoscopy and tracheal intubation [ 16 ,  162 ,  163 ]. The 
modifi ed RSI as described is commonly practiced in neo-
nates and young infants with full stomachs to prevent desatu-
ration during the interval between loss of consciousness and 
securing the airway. 

 The anesthetic regimen for pyloric stenosis in the neonate 
presents two offsetting conditions: to facilitate rapid tracheal 
intubation and recovery from anesthesia in ~30 min, the 
duration of surgery. IV induction of anesthesia is usually 
accomplished with IV propofol using a dose that depends on 
adjunctive medications. If succinylcholine (2 mg/kg) (pre-
ceded by atropine) is included in the regimen, then a dose of 
2 mg/kg propofol may be used. Following the black box 
warning by the Food and Drug Administration, many clini-
cians in the US avoid succinylcholine in young males, so use 
either a non-depolarising muscle relaxant or other medica-
tions to facilitate intubation of the airway. If a nondepolar-
izing relaxant is used (most commonly rocuronium), then a 

  Fig. 10.9    Pyloromyotomy. The thickened muscle layer of the pylorus 
can be seen, incised down to the mucosa. To ensure the muscle has been 
completely incised, laparoscopic alligators distract the walls of the 
muscle layer. Note the very thick muscular wall that has been peeled off 
the pylorus. The liver edge is present immediately above the pylorus at 
the top of the fi gure (Courtesy of Dr. K. Bass, Division of Pediatric 
Surgery, Women and Children’s Hospital of Buffalo, Buffalo, NY)       

  Fig. 10.10    Laparoscopic insuffl ation of the abdomen. The neonate’s 
head is at the top of the fi gure and the legs are at the bottom. During 
laparoscopic pyloromyotomy, three ports are placed: the largest trocar 
(5 mm Mini Step) is inserted through the umbilicus, whereas the two 
smaller graspers are passed laterally through simple skin incisions. The 
peritoneal cavity is insuffl ated with carbon dioxide to ~8 mmHg 
pressure       

  

10 Thoracoabdominal and General Surgery



244

small dose should be used to preclude diffi culty antagoniz-
ing its effects after the brief surgery [ 164 ,  165 ]. Suggamadex 
may be effective for terminating the action of the relaxant, 
but it is expensive and not available in every country. 

 Faced with a male with pyloric stenosis, a fast surgeon, 
and reluctance to use a nondepolarizing muscle relaxant, 
several other regimens may be used. Some administer a 
short-acting IV opioid such as fentanyl 1–2 μg/kg or remi-
fentanil followed by a large dose of propofol (3–5 mg/kg) to 
induce anesthesia and secure the airway. Alternately, others 
administer sevofl urane in oxygen while preoxygenating the 
neonate [ 166 ], judiciously timing a bolus of IV propofol 
(2–4 mg/kg) ± a short-acting opioid, to provide optimal intu-
bating conditions. 

 In preparation for tracheal intubation, a hockey-stick 
curve to the tracheal tube (a 3.5 uncuffed or 3.0 Microcuff ®  
tube) molded with a stylet to maintain its shape ensures a 
rapid and successful tracheal intubation, particularly in the 
absence of a muscle relaxant. Once the airway is secured, a 
gastric tube may be reinserted with a stopcock attached to 
permit infl ation of the pylori with 20 ml boluses of air to test 
the integrity of the underlying mucosa. 

 Delayed emergence after pyloric stenosis is a common and 
perplexing problem. This has been attributed to several causes 
including the use of intraoperative opioids. Infi ltration of the 
wounds with local anesthetic is usually suffi cient to control 
the pain after pyloromyotomy, obviating the need for any opi-
oid intraoperatively, although some prefer a short- acting opi-
oid such as fentanyl or remifentanil [ 167 ]. Others advocate a 
regional block such as a rectus sheath block or epidural, 
depending on the surgical approach [ 168 ,  169 ]. IV or rectal 
acetaminophen may also provide mild pain relief intraopera-
tively and postoperatively, without slowing emergence [ 28 ]. 
However, despite avoiding opioids entirely, many continue to 
experience a very slow to emerge from anesthesia after this 
surgery. Some have attributed the slow emergence from anes-
thesia to the use of nondepolarizing muscle relaxants, although 
one retrospective study disputed this claim, noting that 0.7 mg/
kg rocuronium minimally delayed the time to transport to 
recovery compared with succinylcholine, after a propofol/
sevofl urane anesthetic [ 164 ,  165 ,  170 ]. Insuffl ating the abdo-
men in neonates and infants does not mandate the need for a 
nondepolarizing muscle relaxant. If relaxants were not used 
for tracheal intubation and are not part of the anesthetic regi-
men for surgery, then insuffl ation requires a deep level of 
anesthesia and controlled ventilation. This usually involves 
large concentrations of inhalational anesthetics, which could 
delay emergence unless the least soluble anesthetics, desfl u-
rane and nitrous oxide, were used for maintenance. At least 
one MAC of desfl urane is required during insuffl ation, which 
corresponds to an end-tidal desfl urane concentration of 9.6 % in 
this age group [ 171 ]. To reduce the concentration of inhala-
tional anesthetic required, remifentanil may be added [ 167 ]. 

Antiemetics are not indicated in neonates as the incidence of 
postoperative vomiting in this age group is very small and sur-
geons may use ongoing vomiting as a sign of an incomplete 
repair or complication [ 172 ]. As soon as the surgeon desuf-
fl ates the peritoneum, the inspired concentration of desfl urane 
is reduced to 3 %. When the skin incisions are closed and 
dressed, all anesthetics are discontinued.   

    Intestinal Atresias 

 Congenital intestinal atresia or stenosis can occur at any point 
along the gastrointestinal tract. The neonate presents with 
intestinal obstruction, the timing and specifi c presenting fea-
tures relating to the level of the obstruction [ 173 ,  174 ,  265 ].  

    Pyloric Atresia 

 Pyloric atresia is an extremely rare condition (1:100,000 live 
births) representing 1 % of intestinal atresias. Up to 30 % of 
patients have other associated anomalies including epider-
molysis bullosa, aplasia cutis congenita, and esophageal 
atresia. Presentation is with non-bilious vomiting with a sin-
gle gastric bubble on abdominal X-ray and no distal gas. 
Surgery involves a laparotomy to either excise the obstruct-
ing membrane or perform a bypass procedure (gastroduode-
nostomy or gastrojejunostomy) to restore intestinal 
continuity. The practical considerations are similar to those 
for duodenal atresia.  

    Duodenal Atresia 

 Duodenal atresia or stenosis occurs in 1:5,000–1:10,000 live 
births with a male preponderance. Half of the patients have 
associated anomalies, commonly trisomy 21 (30–40 %), 
malrotation (30–40 %), and cardiac anomalies (20 %). 
Anorectal and genitourinary anomalies, esophageal atresia, 
and Meckel’s diverticulum are also associated with duodenal 
atresia and, more rarely, biliary anomalies. Up to 45 % of 
babies are born prematurely [ 173 ]. Duodenal atresia may be 
classifi ed as follows (Table  10.3 ).

     Embryology 
 Duodenal atresia may be due to abnormal embryological 
development of the duodenum, pancreas, and biliary tree. 

   Table 10.3    Classifi cation of duodenal atresia   

 Type I—mucosal diaphragmatic membrane 
 Type II—short fi brous cord connecting two ends of the atretic duodenum 
 Type III—complete separation of the two ends of the duodenum 
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Proposed mechanisms include failure of recanalization of 
the duodenum during the 8–10th week and altered rotation 
of the ventral analogue of the pancreas resulting in an 
annular pancreas. The obstruction is distal to the ampulla 
in the majority of patients (60–85 %). An alternative the-
ory common to all atresias is the possibility of a vascular 
accident (see jejunoileal atresia below).  

   Diagnosis 
 Polyhydramnios occurs in 33–60 % of pregnancies and antena-
tal ultrasound may demonstrate a “double bubble.” Cardiac 
abnormalities may also be detected at this time. Postnatally the 
baby develops bilious vomiting in the majority, although vom-
iting may be non-bilious if the atresia is proximal to the 
ampulla. Abdominal X-ray shows the characteristic double 
bubble with an absence of gas distally. Distal gas may occa-
sionally be seen if the atresia is periampullary with the main 
pancreatic and accessory duct opening on either side. Gas can 
then travel via the biliary tree into the distal intestine. The ante-
natal and abdominal X-ray fi ndings are less clear in duodenal 
stenosis, which may present later depending on the degree of 
obstruction. The differential diagnosis of duodenal atresia is 
malrotation and volvulus, which can have catastrophic conse-
quences if not detected. If there is any doubt about the diagno-
sis, for instance, if there is distal gas or no antenatal history, an 
urgent upper gastrointestinal contrast study should be per-
formed to exclude malrotation. If doubt still remains, then an 
urgent laparotomy should be performed.  

   Management 
 Ultimate management is surgical; however the patient should 
be resuscitated and stabilized as required. A nasogastric tube 
should be passed with replacement of losses and mainte-
nance fl uids given intravenously. Preoperative workup 
includes a thorough clinical examination and echocardiogra-
phy to exclude associated anomalies.  

   Outcomes 
 There is low reported mortality and morbidity associated 
with duodenal atresia. Early operative mortality is less than 
5 %, predominantly due to complex cardiac anomalies, and 
long-term survival is 90 %. Morbidity associated with this 
condition includes gastroesophageal refl ux disease, delayed 
gastric emptying, peptic ulcer disease, duodenal stasis and 
blind loop syndrome or megaduodenum, and adhesive small 
bowel obstruction. These complications may not be appar-
ent until much later in life.  

   Surgical Considerations 
 A laparotomy and duodenostomy (either end-to-side or Kimura 
diamond anastomosis) are the primary procedures performed. 
Access is via a supraumbilical transverse or umbilical (Bianchi) 
incision. The minimally invasive laparoscopic approach is fea-

sible and safe and is being introduced in some centers, although 
liver retraction and exposure of the duodenum can be diffi cult 
especially in a small infant or in the presence of hepatomegaly. 
It is important to check that a second duodenal web is not pres-
ent (seen in 1–3 % of cases), and there are no distal atresias. 
Intestinal rotation should be checked and malrotation corrected 
if present. The gall bladder should be visualized for bile. Some 
surgeons choose to leave a transanastomotic tube in situ although 
full enteral feeds are usually achieved without this maneuver.  

   Anesthetic Considerations 
 Anesthetic considerations relate mainly to anesthesia for lapa-
rotomy in the presence of upper gastrointestinal obstruction 
and coexisting abnormalities, especially complex cardiac 
anomalies, and prematurity. If the child is otherwise well, the 
aim should be to extubate at the end of the procedure.   

    Jejunal/Ileal Atresia 

 Small bowel atresia or stenosis is a common cause of neona-
tal intestinal obstruction occurring in 1:3,000 live births [ 80 ]. 
A stenosis is due to a localized narrowing of the lumen 
without loss of continuity in the intestine or mesentery 
(Fig.  10.11 ). Small bowel atresias are classifi ed into four 
major types [ 175 ,  176 ] (Table  10.4 ). 

   Types II and IIIa occur most commonly. There may be a 
family history especially in type IIIb atresia. Multiple atresias 
are not uncommon, with up to 67 % of jejunal atresias and 
25 % of ileal atresias having further distal atresias. 
Chromosomal abnormalities are much less common in the 

  Fig. 10.11    Jejunal atresia. At laparotomy, normal jejunum is held up 
on the right side of the photo. The jejunal lumen narrows at the atresia 
in the middle of the photograph, with a very small lumen thereafter. The 
mesentery, which supplies blood to the bowel, is intact (Courtesy of Dr. 
YH Lee, Division of Pediatric Surgery, Strong Hospital, University of 
Rochester, Rochester, NY)       
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more distal atresias compared to duodenal atresia although 
12 % of patients with ileal atresia will also have cystic fi brosis. 
These patients should have genetic screening and a sweat test 
performed at an appropriate time postoperatively. There is an 
association between gastroschisis and small bowel atresias. 

   Embryology 
 The most popular theory is that the atresia is a result of an 
intrauterine “vascular accident.” Interruption of the blood 
supply results in sterile necrosis and resorption of affected 
segments. Multiple causes of vascular interruption have 
been proposed including fetal intussusceptions, midgut 
volvulus, thromboembolic occlusions, transmesenteric 
internal hernias, and incarceration as the result of an abdomi-
nal wall defect. The use of methylene blue in amniocentesis 
for twin pregnancies has also been implicated. The insult is 
felt to occur late (after week 11), and this is supported by the 
fi ndings of bile, lanugo hair, and squamous epithelial cells 
from swallowed amniotic fl uid distal to the atresia.  

   Diagnosis 
 Polyhydramnios may be present prenatally although less com-
mon the more distal the obstruction. Dilated bowel lops may 
be seen on antenatal scans. Presentation after birth is with 
signs of intestinal obstruction including vomiting (usually bil-
ious), abdominal distension, and failure to pass meconium. 
Respiratory compromise may occur if the distension is severe, 
and the baby may require preoperative respiratory support 
(and hence postoperative support). A plain abdominal X-ray 
will show dilated bowel loops (number depending on the level 
of the obstruction). A contrast enema may be performed pre-
operatively to exclude the differential diagnoses of meconium 
ileus, Hirschsprung’s disease, and coexisting more distal atre-
sias. Ten percent of neonates present with meconium peritoni-
tis due to antenatal perforation; calcifi cation or meconium 
pseudocyst may be seen on abdominal X-ray.  

   Outcomes 
 The long-term survival for patients with jejunoileal atresia is 
84 %. The primary cause of morbidity and mortality is short 
bowel syndrome or intestinal failure requiring total parenteral 
nutrition, with associated risk of sepsis and liver disease.  

   Medical Management 
 As with all neonatal intestinal obstruction, the initial goal is 
to stabilize the neonate with nasogastric decompression, nil 

by mouth, intravenous resuscitation, and maintenance fl uids. 
Investigations should be performed as above.  

   Surgical Considerations 
 The most common surgical procedure to localize the atresia is 
a laparotomy. Once it has been identifi ed, the atresia is excised 
with a primary anastomosis. There may be signifi cant dis-
crepancy in size between the proximal and distal ends of the 
atresia, making an end-to-end primary anastomosis challeng-
ing. Despite this, a 7:1 discrepancy can be accommodated 
with meticulous technique and 7-0 suture material. If bowel 
length is not a problem, then the dilated bowel can be resected 
back to a more reasonable caliber. If a type IIIb “apple peel” 
atresia is discovered, particular care must be taken to avoid 
compromising the retrograde vascular supply from the mar-
ginal colic arteries to the remaining distal small bowel. 
Problems with absorption of feed and short bowel syndrome 
are also more common with this type of atresia. This has been 
attributed to the severity of the vascular insult. Given the high 
risk of multiple atresias, the continuity of the distal bowel 
should be confi rmed by passing a small balloon catheter 
through the lumen and fl ushing with either air or saline before 
the anastomosis is performed. If the neonate is unstable or the 
distal bowel is signifi cantly compromised, then a proximal 
stoma and mucous fi stula are preferred as a temporizing mea-
sure, with restoration of bowel continuity restored when the 
neonate has fully recovered. The remaining length of small 
bowel should be measured and documented to help predict 
and manage neonates with possible short bowel syndrome.  

   Anesthetic Considerations 
 These are the same as for any neonate undergoing laparotomy. 
However, postoperative ventilation may be required after 
prolonged laparotomy and a signifi cant fl uid shift. Long term 
vascular access may be required for parenteral nutrition.   

    Colonic Atresia 

 This is a very rare cause of intestinal obstruction and repre-
sents <10 % of all intestinal atresias. A vascular insult is the 
likely cause of these atresias. These occur when closing 
abdominal wall defects especially gastroschises secondary to 
localized vascular interruption. Applying the Grosfeld clas-
sifi cation, most are type IIIa or type I. Associated proximal 
atresias are common (22 %), and right-sided atresias are 
associated with Hirschsprung’s disease. 

   Diagnosis 
 Colonic atresia presents with symptoms of distal obstruction, 
including abdominal distension, failure to pass meconium, 
and bilious vomiting. Multiple loops of distended bowel on 
plain abdominal X-ray confi rm the presence of distal bowel 
obstruction. A hugely distended loop of bowel is often 

   Table 10.4    Classifi cation of small bowel atresias [ 175 ]   

 Type I—a membrane or web 
 Type II—blind ends separated by a fi brous cord 
 Type IIIa—disconnected blind ends 
 Type IIIb—absence of the superior mesenteric artery resulting in the 
“apple peel,” “Xmas tree,” or “Maypole” abnormality 
 Type IV—multiple segment atresia (“string of sausages”) 
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 present because of the closed loop obstruction in the  presence 
of a competent ileocecal valve. Contrast enema confi rms the 
location of the most distal atresia.  

   Management 
 Preoperative management is the same as for all neonates 
with intestinal obstruction. This has been discussed above. 
Early surgical intervention is essential, as the mortality from 
perforation may reach 100 % if surgery is delayed for more 
than 4 days.  

   Surgical Considerations 
 Surgical options are laparotomy with either formation of 
decompressing colostomy or primary anastomosis. Although 
a high incidence of anastomotic leakage and sepsis has been 
reported previously in neonates undergoing primary anasto-
mosis, more recent reports support this approach. 
Hirschsprung’s disease should be considered if an anasto-
motic leak is detected. A stoma is preferred to direct anasto-
mosis, if resection to bowel with a more appropriate caliber 
results in short bowel syndrome. As per jejunal/ileal atresias, 
the proximal bowel must be assessed intraoperatively by 
fl ushing with air or fl uid to identify additional atresias.   

    Meconium Ileus 

 Meconium ileus results from the obstruction of the distal 
small bowel due to thick inspissated meconium. The major-
ity (90 %) are due to intestinal and pancreatic dysfunction 
secondary to cystic fi brosis (CF). Up to 25 % of neonates 
with underlying cystic fi brosis will present with meconium 
ileus. Once the obstruction has been successfully treated, 
the infant must be tested for CF. The presence of meconium 
ileus does not predict a worse, long-term outcome from CF, 
although almost all children with meconium ileus develop 
pancreatic insuffi ciency and will require pancreatic enzyme 
replacement when feeds are introduced [ 177 ]. It is impor-
tant to involve the respiratory physicians early, even though 
clinical lung disease is very uncommon in neonates. 

   Diagnosis 
 Simple meconium ileus presents with distal intestinal obstruc-
tion. Plain abdominal X-ray shows multiple loops of dilated 
bowel with a “soap bubble” appearance in the right lower quad-
rant (Neuhauser’s sign). This results from the mixing of air and 
the tenacious meconium. A contrast enema will show a 
microcolon with pellets of meconium in the terminal ileum. 

 Complications occur in 50 % of cases. Perforation may 
occur in the antenatal period if the proximal bowel becomes 
ischemic or perforates secondary to a volvulus. This will 
lead to meconium peritonitis and possibly a giant pseudo-
cyst. The neonate may present with a large abdominal mass 

or meconium may be passed vaginally or be evident in a 
 patent processus vaginalis in the scrotum. Calcifi cation is 
often evident on a fl at plate (X-ray) of the abdomen. Intestinal 
volvulus or atresias may also occur.  

   Outcomes 
 Outcomes are slightly more favorable in simple meconium 
ileus with a 1-year survival of 92 % compared with 89 % in 
complicated meconium ileus [ 177 ].  

   Management 
 The usual resuscitative measures should be performed in 
conjunction with broad-spectrum intravenous antibiotics, 
and the neonate should remain nil by mouth. If the diagnosis 
is consistent with simple meconium ileus, the obstruction 
may be relieved by nonoperative measures using a hyperos-
molar contrast enema (Gastrografi n ®  or Omnipaque ® ), which 
may be repeated. Operative intervention is indicated for 
enema failures and complicated meconium ileus.  

   Surgical Considerations 
 Surgical options include manual disimpaction at laparotomy 
either via a proximal enterotomy or with the intraluminal injec-
tion of 4 %  N -acetylcysteine. A combination of these two may be 
required to fully clear the impacted plugs. If this is not possible, a 
distal loop or double-barreled stoma should be performed, 
although this is rarely required. Primary laparotomy is performed 
in complicated meconium ileus; the options are resection and 
anastomosis or, alternatively, stoma formation. It is essential to 
ensure that the obstruction into the microcolon is relieved com-
pletely if a stoma is not performed. Additional  N -acetylcysteine 
via a nasogastric tube is sometimes advocated. The stoma should 
be closed as soon as possible to avoid excessive sodium losses 
from the gastrointestinal tract and from sweat.  

   Anesthetic Considerations 
 Management is the same as for any neonatal laparotomy 
including fl uid resuscitation and respiratory support accord-
ing to clinical requirements. Hypertonic enemas increase the 
risk of hypovolemic shock in neonates as fl uid becomes 
sequestered in the gut. Fluid may need to be replaced 
throughout the intra- and postoperative periods to replace the 
preoperative and intraoperative fl uid losses. A sweat test 
should be performed early in the postoperative period to 
establish the diagnosis of cystic fi brosis. Fortunately, respira-
tory complications are uncommon in the neonatal period.   

    Malrotation and Volvulus 

 Malrotation is a congenital anomaly of the bowel in which an 
abnormal position and fi xation of the midgut shortens the mes-
enteric base, predisposing to a volvulus [ 178 ]. The incidence 
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is 1:500–1:1,000 based on postmortem studies. The incidence 
based on symptomatic presentation is 1:6,000 live births or 
may be discovered incidentally. Other anomalies associated 
with malrotation include intestinal atresias, such as duodenal 
web, abdominal wall defects, congenital diaphragmatic her-
nia, imperforate anus, cardiac abnormalities, Meckel’s diver-
ticulum, and trisomy 21. Males are twice as likely to present in 
the neonatal period as females. Malrotation with midgut vol-
vulus constitutes a true surgical emergency as the conse-
quences are potentially catastrophic with loss of the entire 
small intestine (Fig.  10.12 ).  

   Embryology 
 The traditional theory of intestinal development has the small 
bowel undergoing a counterclockwise 270° rotation during 
the 6th–10th week of gestation as it returns to the abdomen 
from the physiological hernia. During weeks 10–12, the 
bowel undergoes fi xation. Failure of these processes is termed 
“malrotation.” This anomaly results in a shortened mesenteric 
base with the D-J fl exure in an abnormal right-sided and low 
position, with a high position of the cecum, and a tendency of 
the small bowel to twist around the mesenteric base (volvu-
lus). This causes obstruction of the blood supply and lym-
phatic drainage to the small bowel (as well as luminal bowel 
obstruction), which can lead to ischemia to ischemia with 
necrosis of the entire midgut. It is imperative that malrota-
tion with volvulus is identifi ed in a timely manner and cor-
rected before necrosis of the bowel occurs.  

   Diagnosis 
 The majority of neonates with malrotation present in the 
fi rst month of life (50–75 % of cases). The most common 
presenting symptom is bilious vomiting, although some 
may have non-bilious vomiting. Other signs including 

abdominal tenderness or distension, diarrhea or 
 constipation, and  lethargy present less commonly. Systemic 
compromise and blood in the stools are later signs of volvu-
lus in which signifi cant ischemia has already occurred. 
Abdominal X-ray may be deceptively normal. The gold 
standard for diagnosis is an upper GI contrast study, which 
demonstrates duodenal obstruction when volvulus has 
occurred. The appearance is that of a “bird’s beak,” coiled, 
or “corkscrew.” The normal position of the D-J fl exure is to 
the left of the midline, at or above the level of the pylorus. 
For uncomplicated malrotation in the absence of a volvu-
lus, the contrast study demonstrates the abnormal position 
of the D-J fl exure to the right of the midline. The position 
of the cecum is variable, rendering it an unreliable sign of a 
malrotation. CT or ultrasound may demonstrate reversal of 
the normal position of the superior mesenteric artery 
(SMA) relative to the superior mesenteric vein (SMV), 
with spiraling of these vessels if volvulus has occurred. 
Ultrasound can be used to track the course of the duodenum 
and D-J fl exure. Urgent laparoscopy or laparotomy is 
required if the diagnosis remains in doubt [ 179 ].  

   Outcomes 
 Malrotation with volvulus may lead to ischemic necrosis of 
the entire midgut. Accordingly, it is essential that a pediatric 
surgeon assess all neonates with bilious vomiting in a timely 
manner to prevent ischemia of the bowel. The mortality rate 
is ≤10 %. Short bowel syndrome (see Gastroschisis for fur-
ther discussion) occurs in 18 % of neonates with volvulus. 
Complications of surgery include adhesive bowel obstruc-
tion in up to 20 % and recurrent volvulus in 6 % of neonates. 
Those with a malrotation may develop intestinal dysmotility 
at a later date.  

   Management 
 A high level of clinical suspicion must be present when a 
neonate presents with bilious vomiting. The outcome after 
volvulus is time dependent so early diagnosis and interven-
tion are critical. Initial resuscitation should be undertaken 
before an urgent upper GI contrast study. Immediate surgical 
intervention is indicated if a malrotation with volvulus is 
diagnosed. For those in whom a malrotation without volvu-
lus is confi rmed or suspected, the optimal management is 
controversial. Knowing there is a substantive risk for future 
volvulus, many surgeons advocate a semi-urgent surgical 
procedure to assess the mesenteric base and proceed to cor-
rection, if appropriate.  

   Surgical Considerations 
 The classic surgical approach is Ladd’s procedure with derota-
tion of the volvulus. In this procedure, the duodenum is mobi-
lized, the mesenteric base is widened, and the D-J fl exure and 
the small bowel are mobilized to the right of the  abdomen and 

  Fig. 10.12    Midgut volvulus. At the ends of the gloved fi ngers (center 
of the photo), a tightly twisted midgut (covered in yellow fat) volvulus 
is evident (Courtesy of Dr. YH Lee, Division of Pediatric Surgery, 
Strong Hospital, University of Rochester, Rochester, NY)       
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the cecum and large bowel to the left. If obstructing peritoneal 
bands (Ladd’s bands) are identifi ed, they are divided. Many 
surgeons also perform an appendicectomy as the cecum is 
abnormally located in the left upper quadrant. Ladd’s proce-
dure has been classically performed via laparotomy or more 
recently by laparoscopy, the latter providing a potentially less 
invasive means to assess the stability of the mesentery. If tech-
nical factors preclude the latter approach, then early conver-
sion to an open technique must occur. The role of laparoscopy 
for correction of a volvulus in a neonate remains controversial: 
some do not endorse this approach, whereas others suggest it 
as not appropriate in an unstable neonate in whom necrotic 
bowel is likely [ 179 ,  180 ]. The long-term outcomes for the 
laparoscopic approach remain unclear. Despite a reduced risk 
of future adhesive bowel obstruction, the risk of recurrent vol-
vulus remains uncertain. 

 Derotation of the bowel is often suffi cient to restore the 
blood supply to the midgut and the viability of the bowel. 
However, if the diagnosis is delayed, the bowel may 
remain ischemic after derotation, possibly the result of 
vascular thrombosis in the mesenteric vessels. The surgi-
cal options to address the ischemic/necrotic bowel include 
excision of the necrotic segment, with or without anasto-
mosis, or conservative management with a “second look” 
laparotomy after 36–48 h to determine whether perfusion 
of the ischemic bowel has improved. A technique that 
involves massage of the mesenteric vessels after derota-
tion (to break up clot), and systemic thrombolysis using 
tissue recombinant tissue-type plasminogen activator 
(tPA), has recently been described in two neonates with 
severe intestinal ischemia due to thrombosis. This resulted 
in dramatic restoration of bowel perfusion, with subse-
quent complete recovery of bowel function [ 181 ]. If the 
small bowel is completely necrotic, then withdrawal of 
care should be explored with the parents.  

   Anesthetic Considerations 
 These cases are critical surgical emergencies that must be 
given priority over all other cases. Surgery must not be 
delayed. Preoperatively, the status of the neonate may range 
from relatively healthy to hypovolemic and/or septic shock. 
In the latter condition, preoperative resuscitation should 
occur concurrently with preparation and transfer of the neo-
nate to the operating theater. Group “O”-negative blood 
should be available if necessary. A nasogastric tube should 
be passed to decompress the abdomen, and ventilatory 
support provided as required. If the neonate is in shock or 
extremis, then anesthesia should be induced using IV ket-
amine, fentanyl, and/or remifentanil and the airway secured 
after either rocuronium or atropine/succinylcholine [ 11 ]. 
Coagulopathy is common in the presence of necrotic bowel 
requiring platelets and fresh frozen plasma. Inotropic sup-
port with dopamine and/or adrenaline may be required. 

Invasive monitoring is very useful during this initial 
 resuscitation phase. 

 If the neonate is stable, maintenance of anesthesia can 
include fentanyl or remifentanil or a low dose of inhalational 
anesthesia. Deep inhalational anesthesia must be avoided in 
critically ill neonates. The surgeon should inform the anes-
thesiologist when the volvulus is about to be reduced because 
derotation may lead to acute cardiovascular instability due to 
release of lactic acid and other vasoactive compounds. The 
anesthesiologist should be prepared to manage transient aci-
dosis and hyperkalemia with IV calcium chloride (10–30 mg/
kg), bicarbonate, and occasionally salbutamol. 

 Reperfusion of the bowel is the primary goal. Adequate 
fl uid resuscitation with warmed boluses of lactated Ringer’s 
solution, albumin, or packed red cells is required based on 
clinical assessment and monitoring. Fluid requirement may 
be substantial at this juncture; volumes as great as 50–100 ml/
kg may be required. Inotropic support may also be required 
at this time to support the circulation, active warming of the 
neonate, and patience and time to assess recovery of the 
bowel. 

 If malrotation is identifi ed early, and the child is in good 
condition preoperatively, it is reasonable to consider extubat-
ing the trachea at the end of surgery. The late-presenting 
infant with necrotic bowel may remain critically ill even 
after derotation, requiring full support in the intensive care 
unit until perfusion is restored. Long-term parenteral nutri-
tion may be required in some cases to bridge until the bowel 
regains full functionality.   

    Hirschsprung’s Disease 

 Hirschsprung’s disease is congenital aganglionosis of the 
bowel of variable length extending from the anus proximally 
[ 182 ]. This results in a lack of propagation of the intestinal 
propulsive waves, failure of relaxation of the internal anal 
sphincter, and functional bowel obstruction. It occurs in 
1:4,500–5,000 live births with males affected more than 
females. 80–90 % of those with Hirschsprung’s disease pres-
ent in the neonatal period. 

   Embryology 
 Hirschsprung’s disease is one of the neurocristopathies with 
presumed failure of the craniocaudal migration of the neural 
crest-derived neuroblasts, which form the myenteric and 
submucosal enteric plexuses (which should reach the rectum 
by week 12 of development). Other theories include failure 
of neuroblast differentiation, defects in function, or cell 
death. Varying lengths of bowel are affected, the most fre-
quent pattern being short-segment disease affecting the rec-
tosigmoid region (80 %). Long-segment disease occurs when 
aganglionosis extends proximal to the rectosigmoid region, 
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with total colonic disease in 3–8 % of cases. Total intestinal 
involvement is rare.  

   Genetics 
 Hirschsprung’s disease is a multigenic disorder with ten dif-
ferent genes and fi ve chromosomal loci currently implicated 
[ 183 ]. There appears to be a dysfunction in one of two sig-
naling pathways, which are critical in the development of 
the enteric nervous system. There is low and sex-dependent 
penetrance, with variable phenotypic expression. 10 % of 
patients have a family history (more common in long- 
segment disease). The RET (receptor tyrosine kinase) proto- 
oncogene mutation 10q11.2 is involved in 50 % of familial 
and 15–20 % of sporadic cases and 70–80 % of long seg-
ment and up to 38 % of short-segment disease [ 182 ]. 
Currently, genetic profi les are not widely available to assess 
the disease risk in individuals. 

 Hirschsprung’s disease occurs in isolation in 70 % of 
cases, but it may be associated with trisomy 21 (5–15 % of 
cases of Hirschsprung’s disease), other neurocristopathies 
(Waardenburg–Shah syndrome (SW4), congenital central 
hypoventilation syndrome, multiple endocrine neoplasia 
(MEN) type 2, neuroblastoma, and neurofi bromatosis I), 
other syndromes such as Shprintzen-Goldberg and Smith-
Lemli- Opitz, and congenital anomalies such as cardiac, gen-
ital, gastrointestinal anomalies, facial dysmorphism, and 
cleft palate [ 182 ].  

   Diagnosis 
 In neonates, the most common presenting symptoms are 
bile-stained vomiting with failure to pass meconium in the 
fi rst 24 h of life (94 % of normal term infants pass meconium 
<24 h). This may be associated with poor feeding, abdominal 
distension, and vomiting. Rectal examination may result in 
explosive stool and may temporarily relieve the symptoms. 
Signs of enterocolitis (fever, abdominal distension, and diar-
rhea) may also be present. Differential diagnoses include the 
other causes of neonatal distal bowel obstruction discussed 
in this chapter. Abdominal X-ray may show dilated loops of 
bowel with an absence of air in the rectum. A distal contrast 
study may show dilatation of the proximal colon with a 
change in caliber (transition zone) to normal bowel, but this 
is not reliable. Rectal biopsy provides a defi nitive diagnosis 
for Hirschsprung’s disease when it fails to demonstrate gan-
glion cells, with altered acetyl cholinesterase staining with 
hypertrophied nerve trunks. It is performed using a suction 
rectal biopsy in the neonatal period or open biopsy in older 
children. Anorectal manometry is not usually performed in 
neonates.  

   Management 
 Initial management aims to relieve the functional bowel 
obstruction either with warm saline washouts or a defunc-

tioning stoma into ganglionic bowel. A stoma is indicated 
if the neonate is unwell or has developed enterocolitis 
and perforation and has a grossly dilated colon or sus-
pected long- segment disease. Hirschsprung’s enterocoli-
tis is a potentially fatal complication that must be 
identified early and managed aggressively to reduce the 
risk of sepsis, intestinal necrosis, and perforation. 
Treatment with fluid resuscitation and broad-spectrum 
antibiotics is required. 

 Defi nitive surgery consists of resection of the aganglionic 
segment, either after initial stoma formation or ideally as a 
primary procedure. Several “pull-through” techniques have 
been described, usually performed when the infant is approx-
imately 3 months of age, 5–6 kg weight [ 184 ]. The timing 
and exact procedure performed varies among centers and 
according to the length of abnormal bowel. Each technique 
can be performed completely open, or with laparoscopically 
assisted intra-abdominal dissection and biopsies, or entirely 
laparoscopically [ 184 ,  185 ].  

   Surgical Procedures 
 The fi rst surgical procedure described to address 
Hirschsprung’s disease was the Swenson procedure. This 
procedure is a low anterior resection of the rectum and agan-
glionic bowel, with a low anastomosis performed by prolaps-
ing the bowel outside the anus. 

 The Duhamel procedure was the first alternative oper-
ation proposed in which the native rectum remains 
unchanged and a side-to-side anastomosis is stapled to 
the ganglionic bowel, which is mobilized and brought 
down to the presacral space. This requires less rectal dis-
section and offers a better chance of continence in the 
long term. It is often the preferred technique for long-
segment disease. A retrospective review of open and lap-
aroscopic approaches yielded similar operative time and 
outcomes [ 185 ]. 

 The Soave procedure further minimizes rectal dissection 
by performing a mucosal dissection in the rectum and leav-
ing a rectal muscular cuff. The original description has been 
modifi ed to include a formal anastomosis just above the level 
of the dentate line. 

 A pure anal pull-through without a laparotomy or laparos-
copy has also been reported for Hirschsprung’s disease but 
may not be appropriate for longer-segment disease. Long- 
segment disease is not always suspected preoperatively 
potentially complicating this approach. Other operations 
have been described, although less frequently reported.  

   Outcomes 
 Appropriately managed, Hirschsprung’s disease is associ-
ated with low mortality, although up to 50 % of patients 
undergoing surgery develop a complication such as consti-
pation, fecal incontinence, or enterocolitis. Enterocolitis, 
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the most severe complication, can occur in all patients with 
Hirschsprung’s disease, both before and after surgery. It 
occurs more frequently in those with long-segment disease 
and those with trisomy 21. Enterocolitis is the primary 
cause of mortality in children with Hirschsprung’s disease 
and must be identifi ed and managed aggressively. 
Constipation occurs more frequently after the Duhamel 
pull-through, whereas incontinence occurs more frequently 
after the Soave and Swenson procedures. To date, there are 
no prospective randomized controlled trials that compare 
the outcomes from the different surgical techniques, 
although overall complication rates appear to be similar 
among all approaches.  

   Surgical Considerations 
 The transition zone between ganglionic (normal) and agan-
glionic (abnormal) bowel can vary in length (up to 10 cm) 
and demonstrate an irregular margin. It is important to per-
form an anastomosis between bowel segments with adequate 
ganglion cells without tension or vascular compromise. Time 
must be allowed regardless of procedure for intraoperative 
frozen section results of serial biopsies at ascending levels to 
accurately assess the extent of affected bowel. If long- 
segment disease is discovered unexpectedly, then many rec-
ommend that the pull-through procedure be delayed until 
formal histology is available.  

   Anesthetic Considerations 
 A complete preoperative history should be completed 
including a history of existing syndromes and anomalies 
that are associated with Hirschsprung’s disease. Defi nitive 
surgery, either open or laparoscopic, may take 1.5–4 h 
in experienced hands [ 185 ]. The anesthetic prescription 
should be designed to ensure tracheal extubation at the end 
of surgery. After anesthesia is induced, the trachea is intu-
bated and the lungs are ventilated with positive pressure 
and positive end- expiratory pressure. For the laparoscopic 
approach, the neonate is supine but positioned in steep 
Trendelenburg. All of the airway fi ttings should be man-
ually tightened and IV access points extended such that 
they are reachable once the neonate is draped. Blood loss 
is usually minimal obviating the need for blood transfu-
sion. Caudal/epidural regional analgesia is well suited for 
perioperative analgesia after this surgery. Postoperatively, 
rectal analgesia is contraindicated.   

    Anorectal Anomalies 

 Anorectal anomalies occur on 1:4,000–1:5,000 neonates 
with a slight male preponderance. Associated abnormalities 
are present in 30–60 % of cases; the most common associa-
tions are listed below (Table  10.5 ).

     Embryology 
 During weeks 4–6, the pouch at the caudal end of the hindgut 
(the cloaca) is separated into the urogenital sinus (bladder, 
urethra, vagina) and rectum. Anorectal anomalies occur as 
the result of failure of this separation and usual subsequent 
degeneration (apoptosis of the membrane) resulting in a 
wide range of clinical abnormalities.  

   Classifi cation 
 The Krickenbeck classifi cation of anorectal anomalies is shown 
in Table  10.6  [ 186 ]. In males, imperforate anus with rectoure-
thral fi stula is the most common defect followed by rectoperi-
neal fi stulae (Fig.  10.13 ). In females the most common defect 
is imperforate anus with rectovestibular fi stula [ 187 ].

       Diagnosis 
 Anorectal anomalies are diagnosed clinically, requiring a 
thorough inspection of the perineum, sacrum, and but-
tocks to identify the anatomy. If the neonate’s clinical 
condition permits, it is important to wait 16–24 h after 
birth to diagnose a fi stula, especially in males, as it may 
take this time for meconium to reach the rectum [ 188 ]. 

   Table 10.5    Conditions associated with anorectal anomalies   

 Genitourinary (renal dysplasia, vesicoureteric refl ux, undescended 
testes, vaginal abnormalities) 
 Spinosacral (sacral agenesis, vertebral anomalies, tethered cord) 
 Cardiac (septal defects and tetralogy of Fallot) 
 Gastrointestinal (esophageal atresia, intestinal atresias, 
Hirschsprung’s disease) 
 Chromosomal (trisomy 21, VACTERL association, Currarino triad) 

  Fig. 10.13    Imperforate anus. A closeup photograph of the perineum in 
a male. Note that immediately inferior to the normal penis and scrotum, 
one observes the outline and pigmentation of the imperforate anus 
(Courtesy of Dr. YH Lee, Division of Pediatric Surgery, Strong Hospital, 
University of Rochester, Rochester, NY)       
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Associated anomalies should be sought and further inves-
tigations may be required such as an echocardiogram, 
abdominal X-ray, and renal ultrasound. An “invertogram” 
was previously advocated, but this is not routinely per-
formed in many centers.  

   Outcomes 
 Short-term complications after reconstructive surgery include 
anal stenosis, which may require repeated dilatation or formal 
revision and wound infection. Pelvic sepsis can occur as a life- 
and continence-threatening early complication of surgery, 
especially if a diverting stoma has not been performed. 

 Constipation is the most common long-term complication 
of anorectal surgery, occurring in 18–62 % of infants. Fecal 
incontinence is a second long-term complication, occurring 
in 25 % of infants. Social continence can often be achieved 
with a combination of modalities including antegrade ene-
mas via an antegrade colonic enema (ACE) stoma. Urinary 
dysfunction may also occur, being attributable to the under-
lying urinary tract anomaly rather than the surgery.  

   Management 
 Initial management is supportive with intravenous fl uids and 
gastric decompression with a nasogastric tube. Associated 
anomalies should be excluded and time allowed to detect a 
fi stula, if clinically appropriate. Surgical decompression and 
reconstruction is required. Depending on the anatomy and 
associated anomalies, the neonate may undergo a primary 
anoplasty (“low” anomalies) with or without a diverting 
colostomy and distal mucous fistula or formation of 
colostomy/mucous fi stula with later reconstructive surgery at 
1–2 months of age (“high” anomalies). Several operative 
approaches have been proposed for reconstruction including 
posterior sagittal anorectoplasty (PSARP), an anterior sagittal 
approach, sacroperineal procedure, abdominosacral pull- 
through, abdominoperineal pull-through, and laparoscopic-

assisted pull-through techniques. PSARP is the most common 
procedure, suitable for most females and 90 % of males. In 
the remaining males, a combined abdominal approach is 
required to mobilize the rectum.  

   Surgical Considerations 
 It is important to avoid damage to pelvic structures and their 
innervation during surgery. A muscle stimulator is essential 
to identify the sphincter complex and ensure correct place-
ment of the neo-anus. For muscle function to be stimulated, 
muscle relaxants are avoided after induction of anesthesia. 
Dissection should be adequate to bring the rectum to the 
perineum without tension in order to minimize retraction 
after the repair and anal complications.  

   Anesthetic Considerations 
 An understanding of the associated anomalies, particularly 
cardiac and spinal anomalies, is important. Stoma formation is 
a relatively minor procedure in the neonatal period, and a sin-
gle-shot caudal epidural provides excellent perioperative anal-
gesia for primary anoplasty (provided there are no sacral 
abnormalities). Reconstructive surgery is usually performed in 
the prone position (PSARP) or occasionally as a combined 
abdominoperineal or laparoscopically assisted procedure. 
Intravenous access should be placed in the upper extremities 
to ensure that the fl uids are infused into the circulation, not the 
surgical fi eld. Blood transfusion is rarely required for this sur-
gery. These reconstructive surgeries are usually several hours 
in duration, with the neonates in the Trendelenburg position. 
As a result, tracheal intubation is usually required. The anes-
thetic prescription should be designed to extubate the trachea 
at the end of surgery. Perioperative analgesia can be achieved 
with a continuous caudal/epidural infusion of local anesthetics 
(e.g., bupivacaine) [ 189 ] or IV morphine infusion [ 190 – 192 ].   

    Cloaca 

 This type of anorectal anomaly is uncommon, occurring in 
1:50,000 live births. 

   Diagnosis 
 Careful clinical examination will reveal a single perineal open-
ing. Further imaging studies such as contrast studies and CT 
scan with reconstruction can be very useful, as well as assess-
ment of the common channel and structure via cystoscopy.  

   Management 
 Initial management is supportive as for other anorectal 
anomalies. Of note, hydrocolpos can result in urinary 
obstruction and pyocolpos can result in perforation. Both of 
these conditions may require urgent drainage.  

   Table 10.6    Krickenbeck classifi cation of anorectal anomalies [ 186 ]   

 Major clinical groups 
   • Perineal (cutaneous) fi stula 
   • Rectourethral fi stula (prostatic, bulbar) 
   • Rectovesical fi stula 
   • Vestibular fi stula 
   • Cloaca 
   • No fi stula 
   • Anal stenosis 
 Rare/regional variants 
   • Pouch colon 
   • Recta atresia/stenosis 
   • Rectovaginal fi stula 
   • H fi stula 
   • Others 
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   Outcomes 
 The long-term results for cloacal repair in terms of conti-
nence are worse than for lower anorectal anomalies. Only 
10 % of neonates with a common channel >3 cm in length 
will be continent.  

   Surgical Considerations 
 Recognition of the anomaly is important as a more proximal 
transverse colostomy is required to allow for adequate length 
for the reconstruction procedure. Assessment of the length of 
the common channel before reconstructive surgery is impor-
tant for both prognostic reasons and to assess the need for a 
combined intra-abdominal approach.    

    Abdominal Wall Defects 

    Gastroschisis 

 Gastroschisis occurs in 1:4,000 live births, affecting males 
and females equally. The incidence of gastroschisis, which is 
increasing, is strongly associated with maternal age 
<20 years, smoking, use of recreational drugs, low maternal 
weight, maternal genitourinary infection, and low socioeco-
nomic status [ 193 – 196 ]. 

   Pathophysiology 
 Gastroschisis is usually a small, right-sided (<10 % left) 
defect in the abdominal wall lateral to the intact umbilical 
cord, through which the intestines protrude, uncovered, and 
unprotected (Fig.  10.14 ). The exact embryological mecha-
nism for this anomaly is still unclear. In utero, the eviscer-
ated bowel fl oats uncovered and exposed in the amniotic 
fl uid. This may contribute to thickening of the bowel wall 
and fi brinous “peel” that is often present on the bowel at 
delivery. The abdominal wall defect can narrow later in preg-
nancy, resulting in obstruction and ischemic changes to the 
gut. Associated anomalies are infrequent with this defect, but 
when they occur, they are usually gastrointestinal in origin. 
For example, intestinal atresias occur in 10–15 % of cases. 
The liver rarely herniates.   

   Diagnosis 
 The majority of neonates with gastroschisis are diagnosed on 
routine antenatal ultrasound. Blood testing shows increased 
maternal serum concentrations of alpha-fetoprotein in the 
absence of a myelomeningocele. “Complicated gastroschisis,” 
as in the case of gastroschisis with intestinal atresia, may 
be predicted by the presence of dilated bowel on antenatal 
ultrasound [ 197 ]. Approximately 30–70 % of neonates have 
intrauterine growth retardation or small for gestational age. 
The mechanism for this latter effect is unclear but may be 
due to enteric loss of proteins or inadequate supply of fetal 

nutrients [ 198 ]. After delivery, the laterality of the defect, the 
absence of a sac, and an intact umbilical cord differentiate 
gastroschisis from omphalocele.  

   Management 
 Antenatal diagnosis allows prenatal planning and transfer of 
the parturient to a center where surgical management of the 
gastroschisis and a level-3 nursery are available [ 199 ]. There 
is insuffi cient evidence to determine the optimal manage-
ment of these fetuses, for example, the age at which the fetus 
should be delivered and the delivery technique [ 200 ]. A sur-
vey of maternal-fetal medicine practitioners in Canada sug-
gested that preterm (<36 weeks) delivery of fetuses with 
gastroschisis was associated with more complications, i.e., 
greater time requiring parenteral nutrition and greater length 
of stay in NICU, whereas delivery of fetuses ≥38 weeks was 
associated with increased bowel matting [ 201 ]. There is no 
evidence that cesarean section improves neonatal outcomes, 
although early induction of labor (from gestational week 36) 
may avoid the unexplained late fetal deaths that can occur 
with this condition. 

 Initial management at delivery is supportive, avoiding 
hypothermia, hypovolemia, and sepsis. The exteriorized 
bowel should be wrapped in clear plastic fi lm and supported 
in the midline to minimize venous engorgement or placed in 
a preformed silo. Above all, care must be taken to avoid 
damaging the exposed bowel. A servo-controlled warm 

  Fig. 10.14    Gastroschisis. In this preterm neonate, the thickened, red 
bowel from a gastroschisis lays open and exposed. Note that the gas-
troschisis arises from an anterior abdominal wall defect on the right 
side, lateral to the intact umbilical cord (Courtesy of Dr. YH Lee, 
Division of Pediatric Surgery, Strong Hospital, University of Rochester, 
Rochester, NY)       

 

10 Thoracoabdominal and General Surgery



254

incubator should be used. Large volumes of intravenous 
fl uids may be required to offset the large evaporative fl uid 
loss from the exposed bowel. Broad-spectrum antibiotics 
should be given. A nasogastric tube should be placed to 
decompress the stomach and bowel.  

   Outcomes 
 Survival with gastroschisis is reported to be 90–95 %, with 
the majority of deaths due to massive bowel resection or 
necrosis [ 202 ]. Intestinal function may be slow to recover 
after closing the defect necessitating a long period of paren-
teral nutrition. A review of a gastroschisis database indicated 
that the time to achieve independence from parenteral nutri-
tion, reduce length of stay, and achieve freedom from infec-
tion was optimized when enteral feeds were withheld for at 
least 7 days after closure of the defect [ 203 ]. However, these 
fi ndings should be interpreted in the context of the neonate’s 
status. Intestinal dysfunction and short bowel syndrome com-
plicate gastroschisis. Gastroschisis accounts for approxi-
mately 20 % of the cases of short bowel syndrome, with the 
incidence of the latter inversely proportional to birth weight 
[ 204 ]. Surgical short bowel syndrome is defi ned as the need 
for parenteral nutrition for >3 months. Current advances in 
management strategies that involve a multidisciplinary team 
approach, parenteral nutrition, prophylaxis from infection, 
and ongoing surgical consultation have dramatically improved 
bowel function and survival in these neonates [ 204 ].  

   Surgical Considerations 
 The primary objective of surgery is to cover and protect the 
bowel. The secondary objective is to effect a staged return of the 
bowels to the abdomen, without causing an abdominal compart-
ment syndrome. The latter is often identifi ed by the onset of 
respiratory distress, ischemic or necrotic bowel, and renal insuf-
fi ciency. For monitoring strategies to identify abdominal com-
partment syndrome, see Anesthetic Considerations below. 

 The surgical treatment of gastroschisis remains contro-
versial. Primary closure may be undertaken in neonates with 
small-size gastroschises using general anesthesia in the oper-
ating theater. Complications such as intestinal atresia, perfo-
ration, necrosis, or volvulus may be addressed at the same 
time. Before attempting a primary closure, rectal decompres-
sion with possible rectal washouts may decrease intralumi-
nal contents and facilitate a smooth reduction. Good 
long-term outcomes have also been reported using a “suture-
less ward reduction” protocol with morphine sedation for 
carefully selected neonates with uncomplicated gastroschi-
sis. The bowel is inspected carefully for intestinal anomalies 
and the neonate remains conscious during the procedure. 
The reduction should be abandoned if the neonate develops 
respiratory distress or the surgeon perceives the abdominal 
pressure is excessive [ 205 ]. 

 A staged closure is required if primary closure is not 
appropriate or possible. This may be performed by surgical 

application of a hand-sewn Prolene mesh silo under general 
anesthesia or using a preformed spring-loaded silo. For neo-
nates with uncomplicated gastroschisis who do not have sig-
nifi cant viscero-abdominal disproportion, the preformed 
silo can be applied on the neonatal unit without the need for 
general anesthesia or routine intubation [ 206 ]. These tech-
niques allow gradual compression of the bowel into the 
abdomen over a period of days and facilitate early extuba-
tion. The neonate undergoes planned surgical closure 3–5 
days later, or closure of the defect using adhesive strips once 
the bowel is fully reduced, depending on the silo technique 
used [ 207 ]. Use of the preformed silo may be associated 
with reduced ventilator days in the NICU [ 97 ], but this 
approach may also be associated with specifi c technical 
complications leading to venous congestion of the intestine 
and bowel ischemia [ 208 ].  

   Anesthetic Considerations 
 Some centers do not use anesthesia for closure of gastroschi-
sis if a sutureless or preformed silo technique is used, although 
others recommend routine anesthesia with paralysis to facili-
tate every attempt to reduce the bowel. An operative tech-
nique is required for complicated gastroschisis. A combination 
of general anesthesia with epidural anesthesia provides good 
postoperative analgesia and may reduce the need for postop-
erative ventilation [ 209 ]. The child must be kept warm and 
well hydrated with fl uid blouses of 20 ml/kg Ringer’s or albu-
min. Arterial access is useful for monitoring complex proce-
dures. In neonates with otherwise uncomplicated gastroschisis, 
enteral feeding usually begins 7–10 days after delivery. In 
those who require long-term parenteral nutrition, it is impor-
tant to preserve veins for chronic catheters for long-term par-
enteral feeding. Some units advocate placement of a tunneled 
feeding line at the time of initial surgery [ 210 ]. 

 The major concern during closure is the development of 
abdominal compartment syndrome. If the reduction is per-
formed under general anesthesia, care should be taken dur-
ing face mask ventilation to avoid gaseous distention of the 
gastrointestinal tract and nitrous oxide should be avoided. 
Intra-abdominal pressures should be maintained <20 mmHg 
during primary closure of the defect [ 210 ]. Some centers 
advocate the use of a balloon-tipped catheter in the bladder 
or stomach, central venous pressure, or P ET CO 2  to track 
changes in intra-abdominal pressure during the closure [ 211 , 
 212 ]. The ventilator settings should be noted at the start of 
the procedure and followed throughout to identify any 
decreases in tidal volume due to upward movement and 
splinting of the diaphragm. If these occur, the reduction must 
stop and the approach reassessed. During closure the bowel 
must be constantly assessed for signs of venous congestion. 
Urine output can be used to refl ect the adequacy of renal 
perfusion after completing the surgery. After closure but 
before leaving the operating room, the lower limbs should be 
examined for evidence of venous compromise and pulses.   
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    Exomphalos (Omphalocele) 

 Exomphalos occurs in 1:4,000 live births, affecting males 
1.5 times more frequently than females. It can be classifi ed 
as major, minor, or giant, depending on the size of the defect 
and the presence of liver herniation. Major defects are greater 
than 4 cm in diameter or contain a herniated liver. Giant 
defects are greater than 6 cm in diameter or contain a herni-
ated liver. Associated anomalies are common, occurring in 
more than 50 % of neonates, particularly those with a minor 
defect. Anomalies associated with exomphalos include chro-
mosomal abnormalities (30 %) such as trisomies 13, 18, and 
21, other midline defects (pentalogy of Cantrell, bladder and 
cloacal anomalies), and cardiac and musculoskeletal abnor-
malities. Beckwith–Wiedemann syndrome, an abnormality 
found on chromosome 11 associated with gigantism, macro-
glossia, exomphalos, pancreatic islet cell hyperplasia with 
hyperinsulinism, organomegaly, and hemihypertrophy, 
occurs in 12 % of cases. Pulmonary hypoplasia is associated 
with exomphalos major. 

   Pathophysiology 
 Exomphalos is a central defect of the umbilical ring. The 
herniated organs are covered with a membrane (sac) continuous 
with the umbilical cord (Fig.  10.15 ). This is thought to repre-
sent failure of the intestines to retract into the abdominal 
cavity from the umbilical stalk after the period of rapid 
growth of the intestines early in embryogenesis.   

   Diagnosis 
 As in gastroschisis, the diagnosis of exomphalos is con-
fi rmed antenatally using ultrasound imaging. Exomphalos is 
a midline abdominal wall defect with a sac that contains the 
herniated visceral contents. Antenatal chromosome testing is 
recommended. After delivery, the defect in the umbilical ring 

is visible, usually with an intact sac. It can be diffi cult to 
visualize externally whether the liver is herniated.  

   Outcomes 
 The mortality rate in neonates with exomphalos, 10–30 %, is 
substantively worse than it is for gastroschisis. However, 
unlike gastroschisis in which the severity of the bowel dys-
function and ischemia determines the morbidity and mortal-
ity in that condition, the severity of the associated anomalies 
determines the morbidity and mortality in exomphalos.  

   Management 
 Supportive management is the initial priority. If the sac 
remains intact, then the bowels are protected and urgent sur-
gical intervention is unnecessary. The sac and its contents 
should be supported depending on its size. Time can be taken 
to delineate and stabilize the associated anomalies before 
proceeding with reduction. If the sac has ruptured, then sur-
gical intervention becomes more urgent as in the case of 
gastroschisis.  

   Surgical Considerations 
 Primary reduction of the contents with excision of sac is usu-
ally achievable for small defects, but a staged closure is gen-
erally required for larger defects. A hand-sewn surgical silo 
is placed under general anesthesia, leaving the sac intact, 
with serial reductions performed in the neonatal unit, includ-
ing after extubation. Once the visceral contents have been 
reduced, then the silo can be removed and the defect for-
mally closed in theater. The likely success of primary closure 
should be assessed by gentle compression before excising 
the sac. If not favorable, then the sac should be left intact for 
silo placement. If the sac is excised, care must be taken supe-
riorly to avoid damaging the hepatic veins,  which may cause 
signifi cant haemorrhage. Neonates with giant exomphalos 
are occasionally treated conservatively, particularly if there 
is marked disproportion between the viscera and the size of 
the abdominal cavity (typical “scaphoid” abdomen). The 
intact sac is allowed to epithelialize, with topical application 
of antibacterial sclerosing agents such as povidone-iodine or 
silver sulfadiazine, although systemic absorption of iodine or 
silver may themselves create a problem [ 213 ].  

   Anesthetic Considerations 
 The preoperative assessment should include an echocardio-
gram and appropriate investigations to fully defi ne the sever-
ity of any other anomalies present. Otherwise, the anesthetic 
prescription is similar to that for gastroschisis repair. Neonates 
with exomphalos major are particularly at risk for abdominal 
compartment syndrome. Reduction of the liver into the abdo-
men can compress the inferior vena cava, acutely decreasing 
venous return and cardiac output. Intra-abdominal pressure 

  Fig. 10.15    Omphalocele. In this midline defect, the herniated bowels are 
covered by a thick membrane (Courtesy of Dr. YH Lee, Division of 
Pediatric Surgery, Strong Hospital, University of Rochester, Rochester, NY)       
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can be monitored using either a bladder or gastric pressure 
transducer (see above) to provide an objective metric upon 
which to stage the reduction. As in the gastroschisis, close 
and clear communication between the surgeon and anesthesi-
ologist will ensure a successful reduction.   

    Bladder Exstrophy/Cloacal Exstrophy 

 Bladder exstrophy occurs in 1:30–50,000 live births affect-
ing males four times more frequently than females. Antenatal 
diagnosis occurs in only 25 % of cases [ 214 ]. This defect in 
the anterior bladder and abdominal wall exposes the bladder 
and urethra as part of the exstrophy–epispadias complex 
(Fig.  10.16 ).  

 Cloacal exstrophy occurs four to fi ve times less frequently 
than bladder exstrophy, 1:200,000 live births. It occurs 
equally in both males and females. Cloacal exstrophy is 
a lower abdominal wall defect with two hemibladders 
separated by a midline cecum, exomphalos, and imperforate 
anus. Spinal malformations such as myelomeningocele may 
occur as part of the omphalocele–exstrophy–imperforate 
anus-spinal defects (OEIS) complex. 

   Outcomes 
 Optimal outcomes for these rare conditions are obtained by 
centralizing the care to specialist centers, with the involve-
ment of a multidisciplinary team. Previously a commonly 
fatal condition, the dramatic advances in neonatal care have 
transformed the outcome from this defect to almost 100 % 
survival beyond the neonatal period, although long-term 
issues relating to function and psychological outcomes 
remain.  

   Management 
 After delivery, care should be taken to avoid damage to the 
bladder plate. Moist nonadherent dressings should be applied 
prior to transfer of the child to the specialist center, and the 
umbilicus tied rather than clamped. In cloacal exstrophy, 
exomphalos is managed using the techniques described above.  

   Surgical Considerations in Bladder Exstrophy 
 The long-term aims of surgery are the reconstruction of the 
bladder for social urinary continence, treatment of vesico-
ureteric refl ux, reconstruction of the genitalia to allow for 
cosmetic appearance, sexual and urinary function, and, in the 
case of cloacal exstrophy, reconstruction to obtain fecal 
continence. As a result of the wide diastasis of the pubic 
bones, pelvic osteotomies are often required in order to close 
the pelvic brim anteriorly and reduce the risk of wound 
dehiscence and bladder prolapse. 

 Surgery may be performed in staged procedures: the blad-
der is closed early in the neonatal period with or without 
pelvic osteotomies, depending on surgical preference; the 
genitalia is repaired at 3–6 months of age, in some centers 
with a radical bladder neck reconstruction at this stage (Kelly 
procedure) and a secondary hypospadias procedure at 3 
years; and fi nally, bladder augmentation and ureteric reim-
plantation are performed if required in later childhood. If the 
bladder closure and osteotomies are performed in a single 
procedure, a multidisciplinary approach involving anesthe-
sia, urology, and orthopedics is the prescription for success. 
In this case, the anticipated duration of surgery will be quite 
prolonged (see below). A single stage procedure of bladder 
closure, bladder neck reconstruction, and epispadias repair 
in the neonatal period has been described (Mitchell proce-
dure), although concerns that urethral blood fl ow may be 
compromised with this technique must be considered [ 215 ]. 
The complication rate after single stage repair is reportedly 
similar to those after a staged repair, although soft tissue 
defects may be more common in the former [ 216 ].  

   Anesthetic Considerations 
 Neonates with bladder exstrophy are usually born at term 
without other associated anomalies. Surgery for primary 
bladder closure is ideally performed in the fi rst few days of 
life, while the pelvic bones remain malleable. Blood loss is 
signifi cant if pelvic osteotomies are performed, and a blood 
transfusion is often required. A plaster cast or external fi x-
ator may be applied at the end of surgery for support. 
Although systolic blood pressure remains a reliable metric 
for detecting hypovolemia in neonates, central venous access 
may be useful adjunct measure to monitor fl uid status during 
this surgery as urine output is not easily quantifi ed. 
Intravenous access should be placed in the upper extremities 
(or neck) to retain access to the lines and to ensure that all 
fl uids remain in the circulation. With the prolonged duration 

  Fig. 10.16    Bladder exstrophy. This congenital defect in the anterior 
abdominal wall reveals the bladder wall, malformed genitalia, and wid-
ened pelvis with an absent symphysis pubis (Courtesy of Dr. RJ. Banchs, 
Children’s Hospital, University of Illinois. Chicago, Ill)       
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of surgery and the need to monitor blood pressure, to per-
form laboratory tests (hemoglobin, electrolyte, and glucose 
concentrations), and to respond to sudden blood loss, arterial 
access should be considered. Surgery may be prolonged 
(4–6 h or greater). A combination of general anesthesia and 
epidural anesthesia allows many neonates to be extubated at 
the end of surgery. Some units advocate the use of tunneled 
epidural catheters to facilitate immobilization and reduce 
wound complications [ 217 ].   

    Posterior Urethral Valves 

 Posterior urethral valves (PUV) are the most common cause 
of lower urinary obstruction in males, occurring more com-
monly in non-Caucasians at a rate of 1:5,000 live births. 
Other less common causes of lower urinary obstruction 
include prune-belly syndrome and urethral stenosis or atre-
sia. PUV is usually an isolated fi nding that causes severe 
obstructive uropathy, with 20–60 % of these neonates devel-
oping chronic kidney disease in childhood and 11–51 % pro-
gressing to end-stage renal failure in their lifetime [ 218 ]. 
Severe obstruction and oligohydramnios during lung devel-
opment (16–24 weeks gestation) may cause pulmonary 
hypoplasia leading to substantial fetal and perinatal mortal-
ity (33–75 %) [ 219 ]. 

   Diagnosis 
 PUV are frequently identifi ed from the appearance of bilat-
eral hydronephrosis during routine antenatal ultrasound 
(accounting for 10 % of cases of antenatal hydronephrosis), 
although many do not present until later in childhood, with 
urinary tract infection, failure to thrive, or continence. Late 
diagnosis is associated with less severe renal impairment and 
better long-term prognosis. At birth, renal ultrasound dem-
onstrates a thick-walled bladder and hydronephrosis and pro-
vides an assessment of the degree of renal cortical damage. 
The urethral valves can be demonstrated in a voiding 
cystourethrogram or directly at cystoscopy.  

   Management 
 Defi nitive treatment for PUV in neonates is relief of the 
obstruction by catheterization and antibiotic prophylaxis, 
with cystoscopy and transurethral ablation. The results of 
antenatal treatment with vesicoamniotic shunt have been 
disappointing to date. Long-term follow-up is required, with 
active management of bladder dysfunction and refl ux.  

   Anesthetic Considerations 
    Cystoscopy and resection of PUV during the neonatal 
period is a minor procedure that requires a brief general 
anesthetic. Nonetheless, most prefer to secure the airway in 
these neonates with a tracheal tube (rather than a supraglottic 

device) because the neonate may be positioned either cross-
table or at the end of the operating room table and the 
duration of surgery is somewhat unpredictable, dependent 
on the extent of the pathology. Signifi cant comorbidities 
such as pulmonary hypoplasia and renal dysfunction must 
be considered when planning the anesthetic prescription. 
Antibiotic prophylaxis is essential. A single-shot caudal 
epidural block can provide excellent perioperative analgesia 
depending on the extent of the surgery.   

    Sacrococcygeal Teratoma 

 Sacrococcygeal teratoma occurs in 1–2:40,000 live births, rep-
resenting 35–60 % of all teratomas [ 220 ]. Females are more 
commonly affected than males by a 3–4:1 margin (Fig.  10.17 ). 
These tumors arise from an embryonic cell line in the pelvis 
that contains cells in different proportions from the ectoderm, 
mesoderm, and endoderm [ 221 ]. Structurally, sacrococcygeal 
teratomas are classifi ed as cystic, solid, or a combination of 
the two. Cystic teratomas comprise 15 % of all sacrococcygeal 
teratomas, have more differentiated cells, and are usually 
benign. The majority of sacrococcygeal teratomas are solid or 
mixed (Fig.  10.18 ). The more solid the composition of the 
teratoma, the more likely it is to be malignant.   

 Perinatal mortality in neonates, whose tumors are diag-
nosed antenatally, is 25–37 %. Mortality is more likely in 
fetuses with rapidly growing vascular teratomas that act 
physiologically as arteriovenous malformations. These mal-
formations lead to hydrops, polyhydramnios, high-output 
cardiac failure, preterm birth, and death. Two variables sug-
gest a greater risk for a poor prognosis: the ratio of the tumor 

  Fig. 10.17    Sacrococcygeal teratoma. This tumor was located on the 
outside of the sacrum, completely external to the pelvis. Consistent 
with the greater incidence of sacrococcygeal teratomas in females, this 
neonate was a female (Courtesy of Dr. W. Pegoli, Division of Pediatric 
Surgery, Strong Hospital, University of Rochester, Rochester, NY)       
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volume to the fetal weight >0.11 determined before 32 weeks 
gestation and tumor morphology <60 % cystic [ 222 ]. 

 At delivery, 90 % of sacrococcygeal teratomas are benign; 
the minority is malignant. However, the malignancy rate 
increases dramatically from 10 % at birth to 75 % by 1 year 
of age and 100 % by 5 years of age if the tumor is not 
resected. Hence, early detection and antenatal intervention 
or surgical excision of the tumor at birth is crucial to achieve 
long-term survival. 

 The Currarino triad, which is comprised of a presacral 
tumor, anorectal malformation, and sacral anomaly, follows an 
autosomal dominant familial inheritance pattern from a genetic 
defect on chromosome 7. Urogenital anomalies have been 
identifi ed in females with sacrococcygeal teratomas and should 
be suspected in any female with voiding diffi culties [ 223 ]. 

   Diagnosis 
 Sacrococcygeal teratomas are often detected antenatally 
using ultrasound. Differential diagnoses include meningo-
cele, lymphangioma, lipoma, or taillike remnant. At delivery, 
85–95 % of these teratomas are external midline sacral 
masses. The skin covering the mass is usually normal, 
although hemangiomas, ulcers, and evidence of necrosis 
may be present [ 220 ]. Investigations should be performed 
preoperatively to defi ne the borders of the mass within the 
pelvis. In older children, the tumor may be entirely intrapel-
vic, without external evidence of the tumor. The Altman clas-
sifi cation of sacrococcygeal tumors is based on postnatal 
assessment of the external and internal elements of the tera-
tomas (Table  10.7 ) [ 224 ].

      Management 
 Complications associated with sacrococcygeal tumors 
relate to its vascularity, size, and position. In utero, the 

fetus should be monitored for the development of hydrops 
and placentomegaly. These occur in rapidly growing vascu-
lar teratomas that cause a vascular steal syndrome, which in 
turn may precipitate high-output cardiac failure necessitat-
ing an urgent in utero intervention to prevent premature 
delivery and/or death. These interventions may include 
amnioreduction, cyst aspiration, radiofrequency ablation, 
shunts, and surgical debulking [ 225 ,  226 ]. Outcomes after 
in utero interventions are similar to those who did not 
undergo interventions, despite the worsened features pres-
ent in the intervention group, with a mortality between 25 
and 45 % [ 226 ,  227 ]. Cesarean section is indicated for large 
tumors, that is, for those larger than the neonate’s biparietal 
diameter [ 220 ]. Vaginal deliveries are best avoided in neo-
nates with large tumors as the latter may rupture causing 
the neonate to rapidly exsanguinate. Rectal examination 
should be performed with great care to avoid rupturing the 
tumor. Imaging techniques including abdominal X-ray, 
echocardiogram, ultrasound, and/or MRI will help to defi ne 
the anatomy, location, and vascularity of the tumor. Tumor 
markers should be monitored (alpha- fetoprotein and beta 
HCG): alpha-fetoprotein increases in the presence of a 
malignancy. These should be followed postoperatively to 
detect a malignant recurrence.  

   Outcomes 
 If the sacrococcygeal teratoma is identifi ed as an incidental 
fi nding during the antenatal period, the expected survival 
rate is 90 %. Mortality approaches 60 % in complicated 
pregnancies, and 100 % in the presence of hydrops or plac-
entomegaly, which refl ects high-output heart failure due to 
shunting through the vascular teratoma. 

 The prognosis in terms of malignancy depends on the 
tumor type, stage, location (Altman classifi cation), and com-
pleteness of excision, in addition to the child’s age at the 
time of the operation. If the initial resection is performed 
after the neonatal period, the risk of a recurrence increases 
substantially, especially if the serum alpha-fetoprotein con-
centration is increased. Up to 7 % of tumors recur, mostly 
within the fi rst 3 years. These tumors recur locally, although 
metastases are possible. The long-term prognosis in these 
children, including those with a malignant sacrococcygeal 
teratoma, exceeds 80 % due to platinum-based multimodal 
chemotherapy [ 220 ]. 

  Fig. 10.18    Excised sacrococcygeal teratoma. The tumor appears to be 
multiloculated, but mostly solid in this case       

   Table 10.7    The Altman classifi cation of sacrococcygeal tumors [ 224 ]   

 Type 1—tumor is predominantly external with minimal presacral 
component 
 Type II—tumor presents externally, but with substantial intrapelvic 
extension 
 Type III—tumor is present externally, but the bulk of the tumor is 
intrapelvic with extension into the abdomen 
 Type IV—presacral tumor with no external component 
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 Functional results are usually very good, although 17 % 
of patients develop a neuropathic bladder and 6 % develop 
complete fecal incontinence. This is possibly a tumor effect 
rather than surgical morbidity [ 225 ].  

   Surgical Considerations 
 Once the airway is secured, monitoring and vascular access 
(including arterial access) are established, and the bladder is 
catheterized, the neonate is turned prone (Fig.  10.19a, b ). 
The coccyx should be removed with the tumor for a com-
plete excision of the tumor. If the tumor has a small intrapel-
vic component, it should be resectable in this position. An 
abdominal approach may be indicated for larger intrapelvic 
tumors or in cases where early vascular control is required.   

   Anesthetic Considerations 
 Excision of sacrococcygeal teratoma is a high-risk proce-
dure, with signifi cant perioperative morbidity and mortality. 
In some cases, it may be prudent to have two experienced 
anesthesiologists to provide anesthesia for these cases as 
sacrococcygeal teratomas have been known to hemorrhage 
suddenly and massively. The perioperative risks relate pri-
marily to a major hemorrhage from the highly vascular 
tumor, in the context of a neonate who may be premature and 
have pulmonary hypertension, renal and hepatic impairment, 
and a coagulopathy associated with high-output cardiac fail-
ure. Access to the neonate may be compromised if surgery is 
performed in the prone position. It is essential to make prep-
arations for major blood loss with crossmatched fresh blood 
and blood products. Intraoperative cardiac arrest has been 
reported from hyperkalemia and hypocalcemia associated 
with a rapid, massive transfusion, especially when transfused 
rapidly through a central venous catheter, and hyperkalemia 
has been associated with surgical manipulation of a necrotic 
tumor [ 228 ]. Blood should be transfused slowly, preferably 
through peripheral IV access (not through a central line), 
especially if the blood is old. 

 At the conclusion of surgery, the neonate should be trans-
ferred to the intensive care unit in the prone position. The 
bladder catheter remains in situ for 24 h. The serum concen-
tration of alpha-fetoprotein should be monitored on a regular 
basis to assess the risk of a malignant recurrence.   

    Biliary Atresia 

 Biliary atresia (BA) is the progressive obliteration and scle-
rosis of the extra- and intrahepatic bile ducts leading to liver 
fi brosis, cirrhosis, and death if untreated, occurring in 
1:10,000–15,000 live births. Its etiology is unknown. It is 
associated with other anomalies in 15–20 % of cases. Biliary 
atresia splenic malformation syndrome (BASM) occurs in 
10 % of cases, with polysplenia or asplenia, cardiac abnor-
malities, situs inversus, malrotation, preduodenal portal vein, 
and absent vena cava [ 229 ]. 

   Classifi cation 
 BA is classifi ed according to the level of obstruction of the 
extrahepatic bile ducts (Table  10.8 ). Type III is further subdi-
vided according to the pattern of obstruction of the common 
bile duct (CBD) and distal ducts. The most common type of 
BA is type IIIb.

      Diagnosis 
 The key feature of BA is prolonged jaundice (conjugated 
hyperbilirubinemia) beyond the fi rst 2 weeks of life with 
signs of biliary obstruction (pale stools and dark urine), in an 
otherwise healthy term neonate [ 229 ]. Infants who present 
later may show signs of failure to thrive due to fat malab-
sorption, with coagulopathy due to failure to absorb vitamin 
K, hepatosplenomegaly, and ascites [ 230 ]. The initial meco-
nium is usually colored, as the obstructive jaundice develops 
postnatally. Diagnosis of BA is usually made by liver biopsy, 
or occasionally laparoscopic cholangiogram with direct 

  Fig. 10.19    Sacrococcygeal teratoma. ( a ) Caudal view. ( b ) Lateral 
view. The neonate was anesthetized, the tracheal intubated, and the neo-
nate positioned prone for surgery. Note the large size of the tumor rela-

tive to the neonate (Courtesy of Dr. W. Pegoli, Division of Pediatric 
Surgery, Strong Hospital, University of Rochester, Rochester, NY)       
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puncture of the gall bladder, or radioisotope scan to detect 
bile acid in the intestine (hepatobiliary iminodiacetic acid 
(HIDA) scan) [ 229 ]. 

 The differential diagnosis of BA includes choledocal cyst, 
inspissated bile syndrome, and other infective/metabolic 
causes of neonatal hepatitis, which should be excluded with 
a TORCH screen, metabolic screen, and ultrasound. 
Choledocal cyst is a cystic disorder of unknown etiology 
affecting the pancreatobiliary system. Children may present 
with jaundice and an abdominal mass at any age from birth 
to adulthood. Without treatment, this disorder may progress 
to cholangitis or cirrhosis. The anesthetic considerations are 
similar to BA, although underlying hepatic function is usu-
ally normal, apart from obstructive jaundice.  

   Management 
 Once the diagnosis has been made, any coagulopathy should 
be corrected and surgery planned. Being a rare condition, 
best outcomes are usually obtained when these neonates are 
referred to a specialist center. In the UK, children with BA 
should be referred to one of three national specialist centers. 
Long-term prognosis is linked to the timing of operative 
correction of bile fl ow, so ideally, surgery should be per-
formed as soon as possible, usually at age 1–2 months. 
Jaundice usually clears early in 50–60 % of patients. These 
children have a good 5-year prognosis, although liver trans-
plantation may be required for those with persistent jaun-
dice or clinically signifi cant portal hypertension. Long-term 
survival is expected in 90 % of cases, although neonates 
may have signifi cant long-term morbidity that is related to 
hepatic cirrhosis or the effects of immunosuppression after 
liver transplantation.  

   Surgical Approach 
 The initial surgery consists of an open Kasai procedure. 
Laparoscopic techniques do not appear to offer advantages 
such as fewer adhesions, over the open approach [ 231 – 235 ]. 
The Kasai procedure involves resection of the extrahepatic 
biliary tree including the portal plate and the fashioning of a 
Roux-en-Y jejunal anastomosis at this level to restore bile 
fl ow to the intestinal tract. If the diagnosis is not clear before 
the laparotomy, then an intraoperative cholangiogram can be 
performed before dissection [ 229 ]. Factors that predict suc-

cess after a Kasai procedure include a preoperative direct 
bilirubin <2, absence of liver fi brosis, and limited episodes 
of cholangitis [ 230 ].  

   Anesthetic Considerations [ 230 ] 
 Coagulopathy should be corrected preoperatively using vita-
min K. Platelets and fresh frozen plasma may occasionally 
be required as well. Oral neomycin and clear fl uids should be 
given for 24 h preoperatively. Broad-spectrum prophylactic 
antibiotics are essential before skin incision and for 5 days 
postoperatively to prevent cholangitis (e.g., gentamicin and 
cefoxitin). Isotonic maintenance fl uids containing dextrose 
are required to avoid intraoperative hypoglycemia, e.g., 
1–5 % dextrose in lactated Ringer’s solution or 5 % dextrose 
in PlasmaLyte. Transfusion is usual, although excessive 
blood loss is uncommon. Hepatorenal syndrome has not 
been reported in this age group. Ascites is uncommon, but if 
it develops, losses should be replaced with 5 % albumin. 
Active warming and invasive access are required as surgery 
usually takes 2–4 h. An opioid-based/muscle relaxant tech-
nique is ideal, avoiding nitrous oxide to prevent bowel dis-
tension. The surgeon may kink the inferior vena cava during 
mobilization of the liver resulting in unexpected hypoten-
sion, which may require the immediate infusion of additional 
intravenous fl uids to restore circulatory homeostasis. At the 
end of surgery, the tracheas of most neonates can be extu-
bated. These neonates are best managed in a high- dependency 
unit with morphine analgesia [ 236 ].   

    Necrotizing Enterocolitis 

 Necrotizing enterocolitis (NEC) is the most common surgi-
cal neonatal emergency affecting up to 0.5 % of all live births 
and 10 % of low birth weight (<1,500 g) live births [ 237 ]. 
Advances in neonatal care have improved survival rates for 
premature and low birth weight infants, as well as those 
affected by this disease. 

   Pathogenesis 
 The etiology of NEC remains unclear although risk factors 
include prematurity, early formula feeding, cardiac disease, low 
birth weight, transfusion in the preceding 48 h (transfusion- 
associated NEC), and sepsis [ 238 ,  239 ]. Breast milk appears 
to be protective, likely due to transferred immunoglobulins. 
Multiple gut factors predispose to the development of NEC in 
preterm neonates including dysmotility, abnormal microbiota, 
reduced mucin barrier, increased gut permeability, decreased 
immunoglobulins and gut immunity, increased risk of isch-
emia, and slow gastric emptying [ 240 ,  241 ]. This in turn may 
facilitate bacterial translocation across the bowel wall trigger-
ing an infl ammatory cascade that results in ischemic dam-
age to the bowel. The pathological organisms are often 

   Table 10.8    Classifi cation of biliary atresia   

 Type I—obstruction at common bile duct (5 % of cases) 
 Type II—obstruction at the common hepatic duct (2 % of cases) 
 Type III—obstruction the porta hepatis (>90 % of cases) 
   Subtype a. Patent CBD, atrophic gall bladder 
   Subtype b. Fibrous CBD, atrophic gall bladder 
   Subtype c. Absent common hepatic duct, mucocele of gall bladder 
   Subtype d. Miscellaneous 
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endogenous bowel fl ora suggesting an imbalance in the 
 defensive mechanisms rather than a specifi c virulent organ-
ism, although clusters of cases have been known to occur.  

   Diagnosis 
 NEC is primarily a clinical diagnosis [ 237 ]. It is classifi ed 
according to the criteria described by Bell (Table  10.9 ) [ 242 ].

   Early signs include feeding intolerance, bilious vomiting 
or increased nasogastric aspirates, abdominal distension 
with or without tenderness, hemodynamic instability, and 
blood per rectum (Fig.  10.20 ). Thrombocytopenia, coagula-
tion abnormalities, and increased infl ammatory markers 
such as C-reactive protein are common. Radiological inves-
tigations are often helpful in confi rming the presence of 
NEC. Pathognomonic fi ndings of NEC on abdominal X-ray 
include distended loops of bowel, pneumatosis intestinalis, 
and portal venous gas with or without free perforation 
(Fig.  10.21 ). The value of ultrasound and other imaging 
modalities as diagnostic or prognostic tests has yet to be 
established. Recent laboratory investigations have identifi ed 
several biomarkers that herald the onset of NEC/sepsis [ 243 , 
 244 ]. Such insights may provide the basis for future studies 
to identify biomarkers that will identify a neonate’s risk of 
developing NEC.    

   Outcomes 
 Despite early and aggressive therapy and support, the 
mortality from NEC remains substantial, in our local 
series ranging from 30 to 90 % with pan-intestinal disease 
[ 245 ]. In a large prospective study, perioperative mortality 
was 30 % for all neonates with NEC, compared with 6 % 
in those managed medically [ 245 ,  246 ]. The mortality rate 
in neonates who were treated with primary peritoneal 
drainage alone was 50 %. Signifi cant morbidity occurs in 
up to 25 % of operative neonates, including stricture for-
mation and failure to thrive, and in those who require 
extensive resection, short bowel syndrome, and long-term 
requirement for parenteral nutrition with associated risk 
of liver disease and sepsis [ 247 ]. Neonates with NEC may 
also experience worse neurological outcomes, particularly 
those with advanced disease that require surgical inter-
vention [ 248 ].  

   Management 
 The primary approach to NEC is to adopt strategies that pre-
vent the disorder. Such strategies include standardized 
enteral feeding, exclusive use of human breast milk and 
milk-based fortifi ers, minimal antibiotic exposure, minimal 
gastric acid blockade therapy, and the use of high-quality 
probiotics, if the preceding measures fail [ 240 ,  249 ,  250 ]. 

 Defi nitive studies for managing NEC once it has occurred 
are lacking, and treatment has been determined by expert 
consensus and the neonate’s clinical condition [ 251 ]. The 

  Fig. 10.20    NEC in a preterm neonate. This neonate developed NEC 
and a distended abdomen. Note the “rectus muscle-sparing” lines sepa-
rated from the erythema of the anterior abdominal wall (Courtesy of Dr. 
YH Lee, Division of Pediatric Surgery, Strong Hospital, University of 
Rochester, Rochester, NY)       

   Table 10.9    Bell classifi cation for diagnosing NEC [ 242 ]   

 Stage IA—suspected disease: temperature instability, increased aspirates, mild distension; radiology normal or dilated loops 
 Stage IB—as above, with bright red blood per rectum 
 Stage IIA—proven NEC, mildly ill: as above with absent bowel sounds, ± abdominal tenderness; radiology shows intestinal dilatation, 
ileus, pneumatosis intestinalis. 
 Stage IIB—proven NEC, moderately ill: mild metabolic acidosis, mild thrombocytopenia, absent bowel sounds, abdominal tenderness +/− 
redness of abdominal wall or abdominal mass; radiology shows portal vein gas +/− ascites 
 Stage IIIA—advanced NEC, severely ill: as above with hypotension, bradycardia, metabolic acidosis, disseminated intravascular coagulation, 
neutropenia, generalized peritonitis, tenderness and distension; radiology as above with defi nite ascites 
 Stage IIIB—advanced NEC, severely ill with perforation: as above with pneumoperitoneum on abdominal X-ray 
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fi rst-line treatment is medical, targeting sepsis and prevent-
ing further intestinal damage. The neonate is kept nil by 
mouth for 7–10 days, with a nasogastric tube in situ to 
decompress the stomach, intravenous broad-spectrum antibi-
otics, and appropriate cardiorespiratory and hematological 
support. Nutritional challenges can be addressed using total 
parenteral nutrition (TPN). 

 It is important to appreciate a little known risk of red cell 
hemolysis when considering to transfuse with fresh frozen 
plasma or blood products with plasma [ 252 ]. The T antigen, 
also known as the Thomsen-Friedenreich (or T) cryptanti-
gen, is a naturally occurring but concealed red cell anti-
gen (cryptantigen) that becomes activated when bacteria 
(e.g., streptococcus, pneumococcus, and Clostridium 
perfringens) carrying neuraminidase activate the T antigen. 
Transfusion of plasma that contains immunoglobulin M 
anti-T antigen binds this activated T antigen causing poly-
agglutination and red cell hemolysis. Activated T antigen is 
present in approximately 11–27 % of neonates with NEC, 
with a greater frequency in more severe NEC (category III 
NEC 30 % vs. II 4 %) [ 253 ,  254 ]. The magnitude of the risk 
of T antigen in neonates with NEC is unclear, although 
many clinicians avoid transfusing plasma-rich blood prod-
ucts to these neonates and many blood banks screen plasma 
for antibodies to T antigen and release only plasma with low 
or no titers of T antigen to neonates with NEC. Nonetheless, 
any child with NEC who develops hemolysis after a transfu-

sion should be investigated to identify the cause, not over-
looking the possibility that activated T antigen is the putative 
agent [ 7 ]. 

 Surgical intervention is required in 10–20 % of neonates 
with NEC, increasing to 50 % in very low birth weight neo-
nates. The indications for surgery include serial examina-
tions that indicate worsening physiological parameters or 
failure of medical treatment. The precise indications for sur-
gery remain controversial; ideally, surgery is indicated for 
the presence of gangrenous bowel, before it has perforated 
[ 237 ]. However, there are no reliable metrics to defi ne such a 
clinical scenario. Absolute indications for surgery include 
evidence of perforation, clinical deterioration despite maxi-
mal medical therapy, an abdominal mass with persistent 
obstruction or sepsis, and the presence of an intestinal stric-
ture. Relative indications include abdominal tenderness, 
distension or discoloration where the clinical diagnosis may 
be in doubt, the fi nding of portal venous gas on plain abdom-
inal X-ray, a fi xed intestinal loop, and thrombocytopenia.  

   Surgical Approach 
 The surgical objectives are to control sepsis, to excise 
necrotic bowel, and to preserve intestinal length [ 237 ,  247 ]. 
A laparotomy remains the mainstay approach for most neo-
nates with NEC. In the very low birth weight group (<1,000 g) 
with evidence of perforation, peritoneal drainage has been 
proposed as either an interim or defi nitive alternative to lapa-
rotomy, although a recent systematic review suggested that 
this approach is associated with increased morbidity [ 255 ]. 
Surgical options at laparotomy include resection with 
 enterostomy, resection with primary anastomosis, a proximal 
diverting jejunostomy for extensive disease, and “clip and 
drop” or the watch and wait with possible “second look” 
laparotomy [ 237 ,  247 ]. The extent of the disease, the stabil-
ity of the neonate, and the surgeons’ experience/preference 
will determine which of these options are undertaken. For a 
stable neonate with focal or multifocal disease, a resection 
with anastomosis is appropriate. For an unstable neonate in 
whom the viability of the distal bowel is uncertain, a stoma 
may be fashioned. In the presence of pan-intestinal disease 
(>75 % of the small and large bowel involved), either a prox-
imal diverting jejunostomy or the “clip and drop” approach 
requiring a repeat laparotomy in the next few days is per-
formed. NEC is responsible for one-third of the cases of sur-
gical short bowel syndrome in NICU. Although mortality 
has been substantial in these neonates, a multifaceted 
approach to resting and preserving bowel function, nutrition, 
infectious prophylaxis, and surgical consultation dramati-
cally improved survival [ 204 ]. A general guide for the ability 
of the gut to support enteral feeds long term is the presence 
of 30 cm of bowel with the ileocecal valve or 50 cm without 
[ 237 ]. In extreme cases where the entire intestine is necrotic, 
withdrawal of care may be an important consideration. 

  Fig. 10.21    Lateral radiograph of a neonate with NEC. The neonate 
was positioned in the left lateral decubitus position with a multi-orifi ce 
gastric tube in the stomach. Free air is evident against the right ( upper ) 
lateral abdominal wall, outlining the liver and falciform ligament 
(Courtesy of Dr. YH Lee, Division of Pediatric Surgery, Strong Hospital, 
University of Rochester, Rochester, NY)       
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 The neonatal liver is fragile and often enlarged in these 
infants. Aggressive perioperative resuscitation can result in 
hepatic engorgement and may result in capsular rupture and 
life-threatening hemorrhage. Surgical handling can also have 
similar catastrophic consequences. The laparotomy incision 
may be performed more caudally or obliquely especially in 
extremely low birth weight infants, to lie below the liver 
edge. Strict avoidance of liver instrumentation can help 
decrease the risk of hemorrhage. 

 Laparoscopy may be used as a diagnostic tool in NEC if 
the neonate is stable, if there are signs of obstruction, and if 
the diagnosis is uncertain. Some have attempted gasless lap-
aroscopic surgery to diagnose and manage NEC in neonates 
with limited success [ 256 ].  

   Anesthetic Considerations 
 Laparotomy for NEC in a premature neonate <1,000 g pro-
vides a signifi cant challenge for the anesthesiologist. The 
potential for rapid blood loss in a neonate with cardiorespira-
tory instability, DIC, and sepsis requires meticulous prepara-
tion. In the operating theater, anesthesia may be induced 
using an opioid such as fentanyl in incremental IV doses of 
5–10 mcg/kg up to 25–50 mcg/kg and/or ketamine 2–4 mg/
kg and rocuronium [ 10 ,  257 ]. The clearance of fentanyl 
decreases with decreasing gestational age in neonates with 
normal intra-abdominal pressure [ 258 ]. Inhalational anes-
thetics are infrequently used in neonates with NEC. Balanced 
salt solution (10–20 ml/kg) should be administered before 
induction of anesthesia to prevent hypotension as anesthesia 
is induced. More recently, remifentanil has been investigated 
in preterm neonates [ 259 ,  260 ]. The duration of action of 
remifentanil in premature neonates between 24 and 41 weeks 
gestation and full-term neonates is similar, 5–10 min. This 
has been attributed to the similar activity of nonspecifi c tis-
sues esterases throughout gestation [ 261 ]. Animal evidence 
also suggests that remifentanil may effectively attenuate 
ischemic-reperfusion injury in the intestines [ 262 ]. If true in 
humans, remifentanil may provide a salutary effect in neo-
nates with potentially ischemic bowel. Before anesthesia is 
discontinued, a longer-acting opioid should be administered 
to provide postoperative analgesia. 

 Surgery may be performed in the operating room or in 
the NICU (see Anesthesia Outside the OR, Chap.   12    ). 
Indications for surgery in the NICU include minor proce-
dures (insertion of a peritoneal drain); a very small, unstable 
neonate; and ventilation with HFOV. For anesthesia in the 
NICU, a TIVA technique is required. In such cases, incre-
mental doses of IV fentanyl (10–20 mcg/kg) or a remifent-
anil infusion, together with ketamine and rocuronium, 
should provide hemodynamic stability and adequate surgi-
cal conditions. The extent of the procedure depends on the 
hemodynamic stability of the neonate, and close coopera-

tion between surgeon, neonatologist/intensivist, and anes-
thesiologist is required at all times. 

 Inotropic support (dopamine, dobutamine, epinephrine, 
or norepinephrine) is often required, in neonates with 
NEC. In order to accurately monitor the responses to this 
support, arterial pressure monitoring is highly recommended. 
The inotropic support should be tailored to the neonate’s 
requirements and titrated to the desired end point [ 263 ]. In 
addition, venous access large enough to rapidly deliver blood 
products should be secured. 5 % albumin, blood, platelets, 
and clotting factors may be required before or during sur-
gery. Warmed IV fl uid boluses of 10–20 ml/kg should be 
given depending on the clinical condition of the child and 
measured losses, guided by the results of arterial blood gas 
estimation. Since these neonates are often of very low birth 
weight, their albumin levels are low. Balanced salt solutions 
may be used to replace small fl uid shifts but are best limited 
in volume administered to preclude exacerbating preexisting 
hypoalbuminemia and dilutional coagulopathy. If large vol-
umes of fl uid are required (up to 50 ml/kg), it is prudent to 
switch from balanced salt solutions to albumin and blood 
products early to maintain the hematological and coagula-
tion profi le. At the same time, care must be taken to avoid 
over transfusing the child, as this could open a ductus arte-
riosus or risk catastrophic bleeding from a distended liver. 
The neonate may remain critically ill after surgery requiring 
full intensive care support. Mild controlled hypothermia may 
be a therapeutic option in neonates with multiple organ dys-
function [ 264 ].       
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