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Preface

Fundamentals of Pediatric Surgery, Second Edition is meant for pediatric and general
surgeons, pediatric surgery fellows, surgery residents, and other advanced practitioners and
intended to be a reliable source of up-to-date information regarding the everyday care of chil-
dren with a surgical condition. Each chapter is written by an experienced authority in the field
and addresses a specific aspect of clinical pediatric surgery, carefully edited to maintain a
continuity of style and format while preserving the distinctive voice of the author. The goal is
to provide practical and clinically relevant information in an accessible and straightforward
presentation. The new edition features updates in every topic, many new authors, and three
new associate editors. Every chapter begins with an abstract that highlights important themes
and is written in a this-is-how-I-do-it narrative style that the reader ought to find familiar—
more like an amiable conversation with a trusted mentor and friend rather than a dry or sterile
lecture. Finally, nearly every chapter is followed by an additional comment written by the edi-
tors and intended to provide pearls, more in-depth analysis, or additional useful information.

In addition to providing a useful reference for pediatric surgeons and general surgeons in
clinical practice, Fundamentals of Pediatric Surgery, Second Edition is also designed to be
used by general surgical residents rotating in pediatric surgery and chief residents in Pediatric
Surgery fellowship programs. The American Board of Surgery and the Accreditation Council
for Graduate Medical Education (ACGME) consider experience in the clinical aspects of pedi-
atric surgery a necessary and important aspect of the education and training of the general
surgeon and most General Surgery residents are still expected to rotate on a Pediatric Surgery
service. These brief rotations can be quite busy, with little time to read any of the excellent
comprehensive pediatric surgery textbooks available, especially when what one really needs is
a practical guide to the everyday care of the pediatric surgical patient. Enter Fundamentals of
Pediatric Surgery, Second Edition, a concise easy-to-read textbook filled with detailed and
relevant information that can help the resident care for the patient they are seeing in the clinic
or in the hospital. The goal is to provide at least one reasonable and proven approach, recom-
mended by a recognized expert, and presented in a context that includes a discussion of the
underlying principles of care and essential clinical issues to be considered.

Finally, it is hoped that Pediatric Surgery fellows will find this book to be a rich and
up-to-date source of pertinent information related to the actual day-to-day care of the surgi-
cal child and provide the foundation for what will be an exciting and lifelong education in
the complexities of the surgical care of children. It was originally intended to be a valuable
resource and study guide for preparation for the written and oral American Board of Surgery
certifying examinations in Pediatric Surgery. It is our sincere hope that Fundamentals of
Pediatric Surgery, Second Edition, designed with the more advanced practitioner in mind,
will prove to be a useful and valuable complement to the many excellent pediatric surgical
texts currently available.

Philadelphia, PA, USA Peter Mattei
November 2015
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Perioperative Care



Preoperative Assessment

and Preparation

Ari Y. Weintraub and Lynne G. Maxwell

The goals of the preoperative evaluation are to identify active
medical issues and to ensure that the management of these
conditions is optimized prior to anesthesia and surgery.
Unresolved medical issues are sometimes significant enough
to warrant cancelation of procedures for further diagnostic
workup or treatment. It is in the best interest of all involved
to avoid this.

Risks of Anesthesia

The risk of dying from general anesthesia can only be extrap-
olated from large series and appears to be as low as 1 in
250,000 in healthy patients. To put this in perspective for
parents, the risk of a motor vehicle collision on the way to
the hospital or surgery center is greater than the risk of death
under anesthesia. Common minor adverse effects including
discomfort from airway management and postoperative nau-
sea and vomiting (PONV) should be discussed, along with
assurances that everything will be done to prevent and treat
these relatively common complaints.

The American Society of Anesthesiologists (ASA) physi-
cal status score is a means of describing the physical condition
of the patient. The physical status score was never intended to
represent a measure of operative risk but instead serves pri-
marily as a means of communication among care providers
(Table 1.1). In addition, certain information is essential and
should be included in the preoperative assessment of every
patient: weight, blood pressure, oxygen saturation (SpO,)
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by pulse oximetry in room air (and with supplemental O,, if
applicable), allergies, medications, cardiac and murmur his-
tory, and previous subspecialty encounters.

Patients who have previously undergone general anesthe-
sia should be asked specifically regarding a history of adverse
effects: emergence delirium, PONYV, difficult intubation, or
difficult intravenous access. Keep in mind that patients and
their parents are often very anxious about recurrence of these
events. The family history should also be reviewed for pseu-
docholinesterase deficiency (prolonged paralysis after suc-
cinylcholine) or any first-degree relative who experienced
malignant hyperthermia.

Airway/Respiratory System

Many congenital syndromes are associated with craniofacial
abnormalities that may complicate or even preclude routine
airway management techniques (Table 1.2). In addition to a
detailed physical examination, a history of past intubations
and details of the methods needed to secure the airway are
even more useful in planning an anesthetic. Some patients
are given a “difficult airway letter” by an anesthesiologist,
and this information should be shared with the anesthesia
care team in advance of the scheduled operation. In the
absence of such information, prior anesthetic records should
be obtained and reviewed to guide airway management.
Asthma (reactive airway disease) is one of the most com-
mon chronic diseases in children, and the disease can be
exacerbated by perioperative procedures, including anes-
thetic induction and emergence or endotracheal intubation.
As with all chronic conditions, asthma should be optimally
medically managed prior to an operation or general anesthe-
sia. In addition to the regular appropriate use of “controller
medications” (inhaled corticosteroids, intermediate-acting
bronchodilators, leukotriene modifiers), to minimize periop-
erative bronchospasm, we typically recommend that patients

P. Mattei et al. (eds.), Fundamentals of Pediatric Surgery, DOI 10.1007/978-3-319-27443-0_1
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Table 1.1 American Society of Anesthesiology (ASA) physical status (PS) classifications

Classification Definition Example

PS 1 Normal healthy person

PS 2 Mild systemic disease without functional limitations Well-controlled asthma

PS3 Severe systemic disease Acute lymphocytic leukemia

PS 4 Severe systemic disease that is a constant threat to life Extreme prematurity

PS5 Moribund patient, unexpected to survive without the procedure Congenital heart disease for initiation of ECMO
PS6 Brain-dead patient for organ procurement

E Suffix added for emergent procedures

Table 1.2 Syndromes and craniofacial abnormalities associated with difficult ventilation or intubation

Syndrome

Associated airway features

Apert

Craniosynostosis, midface hypoplasia

Beckwith—-Wiedemann syndrome

Macroglossia

Crouzon

Craniosynostosis, midface hypoplasia

Freeman—Sheldon (whistling face) syndrome

Microstomia

Goldenhar syndrome

Hemifacial microsomia, mandibular hypoplasia (uni- or bilateral)

Klippel-Feil syndrome

Limited cervical mobility

Mucopolysaccharide storage disorders

Redundant facial, pharyngeal, and supraglottic soft tissue; neck immobility

Pierre Robin sequence

Micrognathia, glossoptosis, cleft palate

Treacher Collins syndrome

Maxillary/mandibular hypoplasia

Trisomy 21 (Down syndrome)

Macroglossia, subglottic stenosis, midface hypoplasia

with asthma use their bronchodilators every 6 h for 48 h
prior to anesthesia. A history of a recent flare requiring oral
corticosteroids suggests poorly controlled disease and might
warrant delay of an elective procedure until better control is
achieved. Some recommend waiting 4—6 weeks after an acute
exacerbation for the usual airway hyperreactivity to return to
baseline. Patients with persistent poorly controlled reactive
airway disease should be referred to their primary healthcare
provider or pulmonologist for strategies to improve their sta-
tus. These strategies sometimes include the administration of
oral corticosteroids.

Children often have loose teeth as they transition from
their primary to secondary dentition or due to poor oral
hygiene or an underlying disorder such as osteogenesis
imperfecta or ectodermal dysplasia. Because there is a sig-
nificant risk of aspirating a tooth that is accidentally dis-
placed during orotracheal intubation, loose teeth should be
electively removed at induction. In some cases it is best to
recommend a preoperative visit to a dentist.

Obstructive sleep apnea is seen commonly in patients
with adenotonsillar hypertrophy, obesity, and some syn-
dromes. Symptoms (snoring, daytime somnolence), results
of sleep studies, and the need for noninvasive ventilation
(CPAP, BIPAP) should be included in the preoperative

assessment as airway obstruction is expected and should be
anticipated in the postoperative period, often making inpa-
tient observation and monitoring necessary.

A very common question is whether an anesthesiologist
should cancel a procedure because of an upper respiratory
infection. This can be a vexing problem for all parties
involved and the decision is sometimes difficult to make with
confidence. The patient with a current or recent URI under-
going general anesthesia is theoretically at increased risk of
a postoperative respiratory complication, including laryngo-
spasm, bronchospasm, hypoxia, and apnea, with the patients
under 2 years of age at greatest risk. However, anesthetic
management can also be tailored to reduce stimulation of a
potentially hyperreactive airway. In addition, cancelation of
a procedure can impose an emotional or economic burden on
the patient, family, physician, and hospital or ambulatory
surgical facility. Unless the patient is acutely ill, it is often
acceptable to proceed with the procedure as planned. Patients
with high fever, wheezing, or a productive cough may actu-
ally have a lower respiratory tract infection, and surgery is
more likely to be canceled. Our approach is to discuss the
urgency of the planned procedure with the surgeon and to
review the risks and benefits of proceeding or rescheduling
with the parents, including the possibility that the child may



1 Preoperative Assessment and Preparation

have another URI at the time of the rescheduled procedure.
Allowing the parents to participate in the decision-making
process when appropriate usually leads to mutual satisfac-
tion among all parties involved.

The patient with a difficult airway might require advanced
airway management techniques, which often necessitates
additional OR time and, in some cases, a planned period of
postoperative mechanical ventilation or ICU stay.

The laryngeal mask airway is used routinely for general
anesthesia. This technique allows the patient to breathe spon-
taneously, with or without pressure support from the anes-
thesia machine, and, in most cases, neuromuscular blocking
agents are not used. Therefore, it is usually used for cases
where skeletal muscle relaxation is not needed for safe con-
duct of the operation. Any requirement for muscle relaxation
should be discussed in advance with the anesthesiologist.

Cardiovascular

At the time of the presurgical evaluation, up to 90 % of chil-
dren are found to have an “innocent” murmur, probably due
to turbulent flow at the aortic or pulmonary roots or in the sub-
clavian or pulmonary arteries. Most of these children do not
require a cardiology consultation and can be safely observed.
These murmurs are frequently episodic and are associated
with a normally split second heart sound, normal exercise
tolerance, and normal electrocardiogram. Concomitant med-
ical problems such as anemia and fever augment audibility
of innocent murmurs because they increase cardiac output.
Nevertheless, a thorough history and physical examina-
tion will occasionally reveal findings that raise greater con-
cern in a child with a murmur: an infant with failure to thrive
or diaphoresis or tachypnea during feedings or the older
child with dyspnea, tachypnea, exercise intolerance, or syn-
cope. These findings warrant further evaluation, including an

electrocardiogram, chest X-ray, consultation with a pediatric
cardiologist, and, in some cases, an echocardiogram.

Children with congenital heart disease frequently require
a surgical procedure. Assessment of the child’s current health
status includes a full history and physical examination and
recent evaluation by the child’s cardiologist. This communi-
cation should include a full description of the original lesion,
documentation of any procedures performed for palliation or
repair, residual abnormalities such as an intracardiac shunt or
valve abnormality, current functional status, and results of
the most recent echocardiogram.

Knowledge of the child’s cardiac anatomy is essential to
assess the risk of paradoxical emboli and endocarditis. The
American Heart Association has published revised recom-
mendations for antibiotic prophylaxis that are substantially
different from those promulgated over the past 50 years
(Table 1.3). Specifically, genitourinary and gastrointestinal
procedures have been eliminated from those requiring pro-
phylaxis, and prophylaxis for dental and respiratory tract
procedures is restricted to patients with (1) unrepaired cya-
notic congenital heart disease, (2) congenital heart defect
repaired with prosthetic material within the prior 6 months,
(3) cardiac transplantation, or (4) a history of endocarditis.
Endotracheal intubation itself is not an indication for antibi-
otic prophylaxis. Patients with hemodynamically insignifi-
cant lesions such as bicuspid aortic valve or mitral valve
prolapse no longer require prophylaxis for any procedure.
Patients with congenital heart disease repaired with pros-
thetic material require prophylaxis only for the first 6 months
after repair because endothelialization will have occurred.
This is true for VSD and ASD repairs as long as there is no
residual defect. Patients with prosthetic valves and those pal-
liated with shunts or conduits require prophylaxis. Some car-
diologists differ with these new guidelines. It is therefore
advisable to request a recommendation from the cardiologist
based on the child’s condition and planned procedure.

Table 1.3 Cardiac conditions for which prophylaxis with dental or respiratory tract procedures is recommended

Congenital heart disease (CHD)*
Unrepaired cyanotic CHD, including palliative shunts and conduits

Completely repaired congenital heart defect with prosthetic material or device, whether placed by surgery or by catheter intervention, during

the first 6 months after the procedure®

Repaired CHD with residual defects at the site or adjacent to the site of a prosthetic patch or prosthetic device (which inhibit

endothelialization)
Cardiac transplantation recipients who develop cardiac valvulopathy
Prosthetic cardiac valves
Previous infective endocarditis

“Except for the conditions listed above, antibiotic prophylaxis is no longer recommended for any other form of CHD

"Prophylaxis is recommended because endothelialization of prosthetic material occurs within 6 months of the procedure

Source: Data from Wilson W, Taubert KA, Gewitz M et al. Prevention of infective endocarditis. Guidelines from the American Heart Association
Rheumatic Fever, Endocarditis, and Kawasaki Disease Committee, Council on Cardiovascular Disease in the Young, and the Council on Clinical
Cardiology, Council on Cardiovascular Surgery and Anesthesia, and Quality of Care and Outcomes Research Interdisciplinary Working Group.

Circulation 116(15):1736-54, 2007



Although antibiotic prophylaxis is frequently administered
orally to adults, it is usually given intravenously in children.
When indicated, our practice is to give the antibiotic intrave-
nously at induction of anesthesia, because the surgical prepa-
ration time generally allows sufficient time to achieve
adequate blood levels before the incision is made. Starting an
intravenous catheter in an awake child solely to administer
antibiotics for antibiotics is rarely if ever necessary.

Surgical patients with long QT syndrome (LQTS), in
which ion channels involved in repolarization function
abnormally due either to a congenital defect or drug effect,
are at risk for torsades de pointes, a potentially life-
threatening ventricular tachycardia. Congenital LQTS occurs
in 1 in 5000 individuals and can present at any age with syn-
cope, seizures, or sudden cardiac death, usually after an
increase in sympathetic activity such as exercise or emo-
tional stress. Because volatile anesthetic agents and surgical
stress increase the risk of developing ventricular tachycardia,
a preoperative electrocardiogram should be obtained in
patients who are symptomatic, have a family history of sud-
den death, or are taking drugs, which predispose to the con-
dition (http://www.azcert.org/medical-pros/drug-lists/
drug-lists.cfm). A QTc of more than 470 ms in males and
480 ms in females is diagnostic of LQTS. Since preoperative
medical treatment is nearly always necessary, cardiology
consultation should be obtained.

Any patient with congenital heart disease, cardiomyopa-
thy, arrhythmia, or unexplained syncope requires a thorough
cardiology evaluation before having an elective surgical pro-
cedure, especially one that requires a general anesthetic. In
fact, anesthetists at most institutions will require that a letter
of cardiology clearance be included in the medical record
before the day of surgery. This letter is written by the con-
sulting cardiologist and should include a detailed discussion
of the anatomy of the defect, the current medical regimen,
and specific recommendations regarding the perioperative
care of the patient.

Gastroesophageal Reflux Disease

The majority of infants and a significant number of children
have some degree of gastroesophageal reflux and the diagno-
sis of gastroesophageal reflux disease is increasing.
Symptoms of GERD in infants and children differ substan-
tially from those seen in adults and are often primarily respi-
ratory in nature: cough, wheezing, or pneumonitis. Yet,
despite a theoretical increase in the risk of aspiration of gas-
tric contents during the induction of anesthesia, children
with a history of GERD do not have an increased incidence
of pulmonary aspiration as long as fasting guidelines have
been followed. Unless there is a history of aspiration when
fasting, an intravenous rapid sequence induction is not usually
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indicated. Patient with GERD should be taking appropriate
chemoprophylaxis (H, blocker or proton pump inhibitor) as
prescribed by their primary physician or gastroenterologist.

Obesity

Obesity is an increasing problem in children, with a recent
estimated incidence of 15 %. As in adults, obese children
have an increased incidence of obstructive sleep apnea,
which can be associated with adverse respiratory events in
the perioperative period. Problems during induction include
difficult mask ventilation. Preoperative evaluation of chil-
dren with a body mass index of 30 or greater should include
a careful history of snoring and daytime somnolence. Patients
with suspected obstructive sleep apnea should be referred to
a pulmonologist for a sleep study and considered for therapy
with a positive-pressure breathing device. In addition to air-
way and respiratory complications, obese patients have been
found to have an increased incidence of postoperative com-
plications such as infection, wound complications, and deep
venous thrombosis when compared to children of normal
weight.

Diabetes

Approximately 1 in 500 people under age 20 has diabetes;
however, complications requiring surgical intervention, such
as cardiovascular disease, are extremely rare in this age
group. Nevertheless, patients with diabetes present for rou-
tine and emergent surgery with the same frequency as non-
diabetic patients and their underlying diabetes must be
addressed. As with any other chronic illness, the medical
management of diabetes should be optimized before elective
surgery, and a plan for perioperative glucose and insulin
management should be formulated jointly by the endocri-
nologist and anesthesiologist. The stresses of surgery and its
effects on a regular schedule can wreak havoc on normally
well-controlled diabetes if not properly managed. The goal
of perioperative management is no longer merely avoiding
life-threatening hypoglycemia and severe hyperglycemia but
to maintain euglycemia to the extent possible.

Regimens of multiple injections of long- and short-acting
insulin are still common, but many patients with diabetes
have insulin pumps that deliver a continuous subcutaneous
infusion with on-demand boluses for carbohydrate intake or
correction of hyperglycemia. Typical management includes
the usual preoperative fast with clear liquids up to 2 h before
the operation. Whenever possible, it is usually best to sched-
ule the diabetic patient as the first case of the day. After con-
sultation with the patient’s endocrinologist, the insulin
dosage regimen most often includes reduction of the long- or
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moderate-acting insulin dose with a reduced or skipped
short-acting insulin dose on the morning of surgery. Insulin
pump infusions may be continued up until the time of sur-
gery. Blood sugar should be checked upon arrival.
Hypoglycemia requires intervention but oral treatment might
require delaying the procedure due to fasting guidelines.
Hyperglycemia (>250 mg/dL) should be treated with subcu-
taneous insulin or a bolus via the insulin pump. The presence
of urine ketones will usually lead to cancelation or delay of
an elective procedure.

An increasing number of institutions are allowing, and
often advocating, continued use of the insulin pump through-
out the perioperative period, although some institutions still
consider insulin pumps unauthorized medical devices and
prohibit their use. As long as the infusion set connecting the
pump to the patient is not in the surgical field, there is gener-
ally no contraindication to continuing the insulin infusion
via the pump. Although most pump manufacturers still rec-
ommend disconnecting the insulin pump in the setting of
electrocautery use, there have been no credible reports of
damage to the insulin pump or interrupted insulin delivery
due to electrocautery, and we recommend continuing the use
of the pump with placement of the grounding pad as close as
possible to the surgical site (closer than to the infusion set).
In institutions where insulin pump use is forbidden, for short
procedures of less than 2-h duration, it is often sufficient to
simply disconnect the insulin pump immediately before inci-
sion with monitoring of blood sugar by finger sticks regu-
larly during the course of the anesthetic and administration
of subcutaneous or intravenous insulin to correct hypergly-
cemia, using a sliding scale agreed upon in advance with the
child’s endocrinologist, with intravenous dextrose as needed
for hypoglycemia. Longer procedures, or those requiring
postoperative admission, sometimes require continuous
intravenous insulin infusion along with dextrose-containing
fluids in order to maintain glucose homeostasis. This might
require a longer preoperative preparation time for obtaining
intravenous access and initiating the infusions. The best gly-
cemic control will generally be afforded by resuming the
patient’s normal management regimen as soon as possible.
Involving an endocrinologist preoperatively to participate in
planning for intra- and postoperative care is recommended.

Thyroid Disease

Thyroid disease is uncommon in childhood but is associated
with certain pediatric conditions, including prematurity and
trisomy 21. Hypothyroidism can lead to myocardial depres-
sion, arrhythmias, hypotension, hypothermia, or delayed
gastric emptying, while hyperthyroidism can manifest as
hyperthermia, tachycardia, hypertension, palpitations, or
dysrhythmias. In addition, patients with very large goiters

sometimes require imaging to exclude airway involvement.
Both hypo- and hyperthyroidism have anesthetic and cardio-
vascular implications, and, whenever possible, patients
should be euthyroid prior to an elective procedure.

Corticosteroids

Although there is little evidence to support the practice,
many textbooks and practitioners advocate steroid supple-
mentation during the perioperative period for patients receiv-
ing steroid therapy. Theoretically, chronic corticosteroid
administration might suppress the hypothalamic—pituitary—
adrenal (HPA) axis to the degree that an adrenal crisis is pre-
cipitated by the physiologic stress of surgery and anesthesia.
In practice, patients who receive a short “pulse” of steroids
(<14 days), for example, for treatment of an acute asthma
exacerbation, generally do not require supplementation. The
administration of “stress-dose” steroids is sometimes recom-
mended for patients who have received supraphysiologic
doses, multiple short courses of steroids, or chronic steroids.
Adrenal suppression diminishes with time from completion
of steroid therapy. In addition, the need for steroid supple-
mentation and recommended doses and duration are also
dependent on the degree of surgical stress. Patients exposed
to minor surgical stress (hernia repair, extremity surgery)
might require at most a single dose of hydrocortisone or
methylprednisolone, whereas those who undergo a major
operation (laparotomy or thoracotomy with blood loss
requiring transfusion) might need multiple doses during the
2-3 day period of maximal physiologic stress. Consultation
with an endocrinologist should be sought in these
situations.

Anemia

The normal hemoglobin level varies with age. Term infants
have a hemoglobin level between 14 and 18 g/dL, which, due
to rapid weight gain and expansion of blood volume in the
face of relatively low levels of erythropoietin, normally
decreases to physiologic nadir of 9 or 10 g/dL by the age of
2-3 months. Preterm infants start with a lower hemoglobin
level and have an even lower nadir of between 7 and 9 g/dL.

Hemoglobin is the most commonly requested preopera-
tive laboratory test. Because the incidence of previously
undetected anemia in healthy children undergoing elective
surgery is extremely low (approximately 0.3 %), routine
determination of hematocrit and hemoglobin is not neces-
sary if the results of studies performed previously as part of
well-child care have been normal. A selective hemoglobin
determination should be performed in children with a chronic
medical illness, those with acute blood loss (trauma, GI
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bleeding), and those about to undergo procedures with the
potential for significant blood loss. Infants younger than 6
months should have hemoglobin measured because of the
nadir. In addition, in premature infants, hemoglobin levels of
less than 10 g/dL have been associated with an increased
incidence of postoperative apnea. Children of African eth-
nicity who have not been screened for sickle cell disease and
have not had a hemoglobin determination after 6 months of
age should have such measurements performed before
undergoing a major surgical procedure.

Anemia results in a decrease in oxygen-carrying capacity
and an increase in cardiac output. Most children with chronic
anemia are in a well-compensated state. However, intraop-
erative blood loss can lead to decompensation in the face of
surgical stress, systemic vasodilation, and myocardial depres-
sion caused by anesthetic agents. Further, the child with pre-
operative anemia is more likely to require a transfusion in the
setting of moderate blood loss than children without anemia.
Although the hemoglobin value at which individual anesthe-
siologists choose to transfuse varies greatly, most anesthesi-
ologists allow a healthy child’s hemoglobin to decline to the
range of 7-8 g/dL before recommending a blood transfusion.

Sickle Cell Disease

Sickle cell anemia results from a single-base mutation in the
B-globin gene. Under conditions of hypoxia, acidosis, dehy-
dration, hypothermia, or the use of a tourniquet, HgbS can
polymerize, causing sickling of red blood cells, resulting in
microvascular occlusion, tissue ischemia, pain (“crisis”),
and, when it occurs in the lung, impaired pulmonary function
(acute chest syndrome). This is most common in children
homozygous for the mutation but can also occur with one
HgbS gene combined with another abnormal gene such as
HgbO,.y or HgbC. The optimum hemoglobin level in
patients with sickle cell disease is unknown, but recent stud-
ies indicate that simple transfusion to 10 g/dL is associated
with morbidity no greater than that in patients treated with
aggressive exchange transfusion to reduce the HgbS concen-
tration to less than 30 %, which was the standard recommen-
dation for many years. That is not to say that the rate of
morbidity is low; in fact, it is around 20-30 % in both groups.
These patients require (1) pre- and postoperative hydration,
(2) careful attention to maintenance of normothermia, (3)
avoidance of tourniquets whenever possible, (4) supplemen-
tal oxygen to avoid hypoxemia, and (5) good analgesia.
Patients with sickle cell trait (Hgb AS) have no apparent
perioperative risk of sickling or acute chest syndrome, except
rarely in conditions associated with extreme dehydration and
electrolyte depletion such as uncorrected GI losses from
bowel obstruction.
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Coagulation Disorders

Von Willebrand disease (vWD) is the most common con-
genital bleeding disorder. Most patients with vWD have type
I disease, which is a quantitative deficiency of von Willebrand
factor (vWF). Ninety percent of patients with type I vWD
will respond to DDAVP with a two- to threefold increase in
vWEF. The DDAVP is administered intravenously, intrana-
sally, or subcutaneously 30 min before the procedure.
Because 10 % of patients with type 1 vWD do not respond to
DDAVP, advance determination of the quality of the response
is fundamental to the preoperative evaluation of a patient
with vWD. Type 1 nonresponders, as well as patients with
type 2 and type 3 vWD, require preoperative administration
of plasma-derived factor VIII concentrate (Humate-P), which
has a high concentration of vVWFE. All patients with vWD
undergoing major surgical procedures require factor replace-
ment preoperatively.

Hemophilia A, B, and C are inherited deficiencies of factors
VIII, IX, and XI, respectively. Perioperative management of
these patients depends on the procedure planned. Patients
undergoing major surgical procedures require factor VIII and
factor IX levels that approximate 100 % of normal from 30 min
before the procedure through the first postoperative week.
Factor administered to patients with hemophilia A can be plasma
derived or recombinant, and the regimen should be discussed
with the child’s hematologist ahead of time. Recombinant factor
VIII products have become available but are not necessarily
associated with a lower rate of inhibitor or antibody formation.
Patients undergoing minor procedures are usually fine with fac-
tor levels that are 50 % of normal for the first 2-3 postoperative
days. Some patients with mild hemophilia A have a sufficient
response to DDAVP to provide adequate protection for minor
procedures. The coagulopathy of patients with hemophilia C
does not directly correlate with factor levels. The need for fresh-
frozen plasma transfusion in these patients should be deter-
mined by a pediatric hematologist.

Malignancy

Children with cancer frequently receive medications that
have the potential to cause profound perianesthetic compli-
cations. Some receive prolonged doses of corticosteroids as
part of their chemotherapy, which places them at risk for
adrenal suppression. The anthracycline drugs, doxorubicin
and daunorubicin, can cause myocardial dysfunction,
whereas mithramycin, carmustine (BCNU), and bleomycin
can cause pulmonary fibrosis, especially when combined
with radiation therapy. The fact that this pulmonary damage
can be exacerbated by supplemental oxygen is of concern to
the anesthesiologist. The effects of these drugs are not always
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apparent at the time of treatment and can present later in life
or are unmasked by the additive effects of anesthetic agents
(myocardial dysfunction) or oxygen exposure. As many pro-
tocols include serial echocardiographic evaluations, the most
recent echocardiographic report should be included in the
preoperative evaluation.

In addition to complications from chemotherapy and radi-
ation, these children and their families frequently have psy-
chological sequelae from prolonged treatment and the side
effects associated with malignancy and bone marrow trans-
plantation. They deserve careful evaluation and gentle treat-
ment in the perioperative environment.

Anterior Mediastinal Mass

Patients presenting with an anterior mediastinal mass (espe-
cially lymphoma) are at particularly high risk of airway com-
promise and cardiovascular collapse with the induction of
general anesthesia due to compression of the trachea or great
vessels when intrinsic muscle tone is lost and spontaneous
respiration ceases. Preoperative evaluation should begin with
a careful history to elicit any respiratory symptoms, includ-
ing dyspnea, orthopnea, stridor, or wheezing. A chest X-ray
and complete echocardiogram must be performed, including
evaluation of the great vessels with respect to compression
of inflow or outflow tracts, the pericardium for direct infiltra-
tion or effusion, and the atria and ventricles with attention to
degree of filling and the presence of atrial diastolic collapse.
If it can be done safely, computed tomography should be
obtained to assess the degree of tracheal and bronchial com-
pression. Pulmonary function studies do not predict outcome
or help to guide management and are no longer considered
useful. Whenever possible, percutaneous biopsy of the mass
or surgical cervical lymph node biopsy using local anesthe-
sia with minimal sedation is preferred over a procedure per-
formed under general anesthesia because it poses the least
risk to the patient. If general anesthesia is required and airway
or vascular compression exists, having rigid bronchoscopy or
even ECMO capability on standby is strongly recommended.

Cerebral Palsy

Cerebral palsy is a polymorphic set of motor disorders with
a wide spectrum of severity. Children with CP frequently
require surgery to treat GERD or orthopedic problems. Many
have increased oral secretions, dysfunctional swallowing,
and chronic pulmonary aspiration of both oral and gastric
contents. Together with an ineffective gag and inadequate
cough, these commonly result in the development of reactive
airway disease and recurrent pneumonitis. Up to one third of
children with CP also have a seizure disorder. They are often

taking several medications, including anticonvulsants, mus-
cle relaxants, proton pump inhibitors, or H, blockers and
drugs for reactive airway disease. Communication is impor-
tant so that these essential medications are continued in the
perioperative period. Confirmation of recent determination
of adequate anticonvulsant blood level within the previous 6
months is helpful, although some patients have poorly con-
trolled seizures and are expected to have seizures in the peri-
operative period despite adequate blood levels.

Preoperative assessment should include evaluation of
room air oxygen saturation and the degree of underlying
reactive airway disease, as well as the presence of snoring
and other obstructive symptoms suggestive of inadequate
airway tone. In the most severely affected patients, schedul-
ing elective procedures between episodic exacerbations of
reactive airway disease and aspiration pneumonia is chal-
lenging. Since many of these children have ongoing increased
airway reactivity, preoperative evaluation and preparation
should be directed to ensuring that the child’s pulmonary sta-
tus is as good as it can be. Chest radiographs are helpful in
the child who has had frequent pneumonitis.

Hypotonia

Children with generalized hypotonia often present for defini-
tive diagnosis by muscle biopsy under general anesthesia
and should be considered at risk for malignant hyperthermia.
Malignant hyperthermia precautions are commonly taken,
consisting of avoidance of succinylcholine and potent vola-
tile anesthetics. Patients with muscular dystrophy or myoto-
nia are also at risk for MH and MH-like events with exposure
to triggering agents. Succinylcholine should always be
avoided in patients with Duchenne muscular dystrophy due
to the risk of rhabdomyolysis.

Developmental Disorders

An increasing number of children are receiving pharmaco-
therapy with stimulant medications for attention deficit dis-
order. Although the American Heart Association recommends
that an electrocardiogram be performed prior to initiation of
stimulant therapy to identify significant cardiac conditions
(LQTS, hypertrophic cardiomyopathy, Wolff—Parkinson—
White syndrome), the American Academy of Pediatrics does
not agree with this recommendation. There is no evidence to
suggest that patients with these diagnoses are at higher risk
of sudden cardiac death with stimulant medications than the
general population. Therefore, in the absence of a personal
history, family history, or physical exam findings suggestive
of cardiac disease, no additional testing or evaluation is
required prior to anesthesia and surgery.



Children with pervasive developmental disorder or autism
require special patience and care because of communication
difficulty, emotional lability, possible aggressive behavior,
and sensory hypersensitivity. Some of the medications used
to treat the maladaptive behaviors in children with autism
(atypical antipsychotic drugs) can cause LQTS, placing the
patient at risk for torsade de pointes.

Prematurity

Infants born prematurely (<37 weeks gestation) may have
sequelae such as bronchopulmonary dysplasia, GERD, intra-
ventricular hemorrhage, hypoxic encephalopathy, laryngo-
malacia, or tracheal stenosis from prolonged intubation and
are at increased risk for postoperative apnea after exposure to
anesthetic and analgesic agents. Preoperative assessment of
prematures should therefore take these conditions into
consideration.

Bronchopulmonary dysplasia is the most common form
of chronic lung disease in infants and significantly compli-
cates the perioperative management of infants born prema-
turely. The incidence of BPD has fallen, probably as a result
of the widespread use of surfactant over the past two decades.
It is associated with airway hyperreactivity, bronchoconstric-
tion, airway inflammation, pulmonary edema, and chronic
lung injury. Corticosteroids are frequently used in an attempt
to reduce inflammation and mitigate the extent of evolving
BPD. Many infants with BPD also have pulmonary hyper-
tension. Several effects of anesthesia, together or separately,
may have life-threatening consequences. Pulmonary vaso-
constriction after anesthetic induction can aggravate ventila-
tion—perfusion mismatch and lead to profound hypoxemia.
Anesthetic effects on myocardial contractility can result in
impairment of right ventricular function, reduced cardiac
output, and pulmonary blood flow, and profound cardiovas-
cular compromise with hypoxemia, resembling acute cor
pulmonale. Increased airway reactivity during anesthetic
induction or emergence from anesthesia can result in severe
bronchoconstriction, impairing ventilation and pulmonary
blood flow. Increased oral and bronchial secretions induced
by the anesthetic can further compromise airflow and lead to
plugging of the airway or endotracheal tube, which, because
of their diminished respiratory reserves, can quickly cause
profound hypoxia and acute right-sided heart strain, arrhyth-
mias, or death.

The pulmonary status of these children must be evaluated
and their condition optimized to minimize perioperative
risks of bronchospasm, atelectasis, pneumonia, respiratory,
and cardiac failure. Bronchodilators, antibiotics, diuretics,
corticosteroid therapy, and nutritional therapy should be con-
sidered in these children. Children with bronchospasm and
pulmonary hypertension may benefit from preoperative

AY.Weintraub and L.G. Maxwell

treatment with elevated FiO, to decrease pulmonary vasore-
activity and improve cardiovascular function. The possibility
of associated right ventricular dysfunction should always be
considered and, when indicated, evaluated with electrocardi-
ography and echocardiography. Many children take diuretics
such as furosemide and spironolactone on a long-term basis,
which may cause electrolyte abnormalities that should be
assessed preoperatively. Corticosteroids administered for
48-72 h might reduce the risk of perioperative broncho-
spasm. Infants with severe BPD require continuous postop-
erative monitoring and intensive pulmonary therapy for
2448 h postoperatively. Risks of general anesthesia and
intubation in these children can sometimes be avoided with
the judicious use of either a laryngeal mask airway or a
regional anesthetic.

If an infant was intubated for a prolonged period after
birth, subglottic stenosis, granuloma, or tracheomalacia may
be associated with stridor but can be asymptomatic. A range
of smaller uncuffed endotracheal tubes should be available at
the time of surgery in the event that the initial size chosen is
too large.

The risk of apnea is increased in premature infants
because of immaturity of central and peripheral chemorecep-
tors with blunted responses to hypoxia and hypercapnia,
even without the additional burden of drug-induced depres-
sion. In addition, anesthetic agents decrease muscle tone in
the upper airway, chest wall, and diaphragm, thereby
depressing the ventilatory response to hypoxia and hyper-
capnia further. Although postanesthetic apnea is often brief
and frequently resolves spontaneously or with minor stimu-
lation, even brief apnea in premature infants can result in
significant hypoxia. Although most apneic episodes occur
within the first 2 h after anesthesia, apnea can be seen up to
12 h postoperatively.

This increased risk of apnea affects the postanesthetic
care of infants born prematurely, mandating that those at risk
be admitted for cardiorespiratory monitoring, including
ECG, plethysmography, and pulse oximetry. This increased
risk persists until infants born at less than 37 weeks gestation
reach 56-60 weeks postconceptual age. A hemoglobin con-
centration of less than 10 g/dL increases the risk above the
mean for all premature infants. Infants undergoing surgery
with regional (caudal or spinal) anesthesia alone are at less
risk of postoperative apnea. Former premature infants who
receive prophylactic caffeine intravenously also have a lower
incidence of postoperative apnea and bradycardia, but the
long half-life of caffeine may delay the appearance of apnea
rather than prevent it. Regardless of the anesthetic technique
used, our preference is to admit all prematures with a post-
conceptual age less than 60 weeks to a monitored, high-
surveillance inpatient unit for 24 h after surgery. Similarly,
because postanesthetic apnea has been reported in full-term
infants up to 44 weeks postconceptual age, infants born at
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Premature birth?

< 37 weeks
Yes No
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Home cardiorespiratory Hospitalize
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i No
Day surgery
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v
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monitor?
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Yes
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overnight

Fig. 1.1 Algorithm for eligibility for day surgery in young infants (Reprinted from Galinkin JL, Kurth CD. Neonatal and pediatric apnea syn-

dromes. Problems Anesth 10:444-54, 1998, with permission)

Table 1.4 Treatment of malignant hyperthermia: “Some Hot Dude
Better Give Iced Fluids Fast!”

Stop all triggering agents, administer 100 % oxygen

Hyperventilate: treat hypercarbia

Dantrolene (2.5 mg/kg) immediately

Bicarbonate: treat acidosis (1 mEq/kg)

Glucose (0.5 g/kg) and Insulin (0.15 U/kg): treat hyperkalemia

Iced intravenous fluids and cooling blanket

Fluid output: ensure adequate urine output, furosemide and/or
mannitol as needed

Fast heart rate: be prepared to treat ventricular tachycardia

Source: Reprinted with permission from Zuckerberg AL. A hot mne-
monic for the treatment of malignant hyperthermia. Anesth Analg
77:1077, 1993

term must be at least 4 weeks of age to be candidates for
outpatient surgery (Fig. 1.1).

Malignant Hyperthermia

Malignant hyperthermia is an inherited disorder of skeletal
muscle calcium channels, triggered in affected individuals by
exposure to inhalational anesthetic agents (isoflurane, desflu-
rane, sevoflurane) or succinylcholine, resulting in an eleva-
tion of intracellular calcium. The incidence of MH in children
is 1:15,000 general anesthetics, but it is important to note that
nearly half of patients who have an MH episode have under-
gone a prior general anesthetic without complication. The
resulting MH crisis is characterized by a hypermetabolic state
(fever, hypercarbia, acidosis), electrolyte derangement
(hyperkalemia), arrhythmias, and skeletal muscle damage
(elevated CPK). This constellation of events can be lethal if
unrecognized or untreated. Dantrolene reduces the release of

calcium from muscle sarcoplasmic reticulum and when given
early in the course of an MH crisis significantly improves
patient outcomes. With early and appropriate treatment, the
mortality is now less than 10 %. Current suggested therapy
can be remembered using the mnemonic “Some Hot Dude
Better Give Iced Fluids Fast!” (Table 1.4). It should be noted
that dantrolene must be prepared at the time of use by dissolv-
ing in sterile water. It is notoriously difficult to get into solu-
tion and the surgeon may be asked to help with this process.

Patients traditionally thought to be susceptible are patients
with certain muscle diseases, (Table 1.5) but many patients
who develop MH have a normal history and physical exami-
nation but have a specific genetic susceptibility. In the past,
patients with mitochondrial disorders have been thought to
be at risk, but recent case series have concluded that anes-
thetic gases are safe in this population. Nevertheless, it is still
recommend that succinylcholine be avoided. An occasional
patient will demonstrate signs of rhabdomyolysis (elevated
CPK, hyperkalemia, myoglobinuria) without having true
malignant hyperthermia.

Trisomy 21

Several common attributes of patients with trisomy 21 have
potential perianesthetic implications. Perioperative compli-
cations occur in 10 % of patients who undergo noncardiac
surgery. Complications include severe bradycardia, airway
obstruction, difficult intubation, post-intubation croup, and
bronchospasm.

The risk of airway obstruction is increased by a large
tongue and midface hypoplasia. The incidence of obstruc-
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Table 1.5 Conditions associated with MH susceptibility

Previous episode of MH in patient or first-degree relative
Central core myopathy
King-Denborough syndrome

Other muscle diseases (Duchenne muscular dystrophy, myotonic
dystrophy)—associated with MH-like episodes

tive sleep apnea exceeds 50 % in these patients and can
worsen after anesthesia and surgery. Obstruction can persist
even after adenotonsillectomy. Many patients with trisomy
21 have a smaller caliber trachea than children of similar
age and size; therefore, a smaller endotracheal tube may be
required.

Nearly half children with trisomy 21 have congenital
heart disease, typically an ASD, VSD, and AV canal, and if
congenital heart disease is present, they should have a cardi-
ology consultation and recent echocardiogram.

Patients with trisomy 21 have laxity of the ligament that
holds the odontoid process of C2 against the posterior arch
of C1, resulting in atlantoaxial instability in 15 %. Cervical
spine instability can lead to spinal cord injury in the peri-
anesthetic period. Preoperative X-ray screening for this con-
dition is controversial, but in the absence of an X-ray exam
(sometimes performed as part of routine pediatric care or
pre-participation sports physical examination), care should
be taken perioperatively to keep the neck in as neutral a posi-
tion possible, avoiding extreme flexion, extension, or rota-
tion. Any patient with trisomy 21 who has neurologic
symptoms such as sensory or motor changes or loss of blad-
der or bowel control must have preoperative neurosurgical
consultation to rule out cervical cord compression.

Allergies

Documentation of allergy status is an essential part of the
preoperative evaluation. Prophylactic antibiotics are fre-
quently administered prior to incision. Antibiotic allergies,
especially penicillin, ampicillin, and cephalosporins, are the
most common medication allergies in children presenting for
surgery. Although severe allergic reactions and anaphylaxis
are rare in patients undergoing surgery, latex is still a com-
mon trigger. Such reactions can be life threatening if not
diagnosed and treated promptly. Children with spina bifida
(myelomeningocele), bladder exstrophy, and those who have
undergone multiple surgical procedures (ventriculoperito-
neal shunts) are at greatest risk for such reactions. Although
the etiology is unknown, these patients may be at higher risk
because of repeated exposure to latex rubber products during
repeated surgeries or other procedures, such as bladder cath-
eterization. In 1991, the FDA recommended that all patients
be questioned about symptoms of latex allergy prior to sur-
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gery. The general consensus among the pediatric anesthesia
community is that children in the high-risk groups should
never be exposed to latex-containing products. Since 1997,
the FDA has mandated that all latex-containing medical
products be labeled as such. Latex-free alternatives should
be used instead. It has been well documented that prophylac-
tic medications (steroids, histamine blockers) are ineffective
in preventing anaphylaxis in susceptible patients. If anaphy-
laxis occurs (hypotension, urticaria or flushing, broncho-
spasm), the mainstays of treatment are (1) stopping the latex
exposure by aborting the operation, changing to non-latex
gloves, and removing any other sources of latex and (2)
resuscitation with fluids, intravenous epinephrine (bolus and
infusion), corticosteroids, diphenhydramine, and ranitidine.
Blood should be drawn within 4 h for measurement of trypt-
ase levels, which can confirm whether anaphylaxis took
place but does not identify the inciting agent. Patients should
be referred to an allergist for definitive testing to identify the
antigen.

Prior to Admission Medications

Children are frequently taking medications for various ill-
nesses, both chronic and acute. Dosing of some (anticonvul-
sants) is adjusted to ensure adequate therapeutic levels both
by serum determination and clinical end point. Administration
of most medications is continued at customary doses up to
and including the day of surgery as long as excessive volume
or co-ingestion of solid food is not involved. An increasing
number of children are being treated for behavioral and
depressive disorders with selective serotonin reuptake inhib-
itors (SSRI) such as fluoxetine (Prozac). Due to the possibility
of severe withdrawal symptoms such as severe anxiety and
agitation, they should not be stopped abruptly in the periop-
erative period. Most of these drugs have such long elimina-
tion half-lives that unless prolonged fasting periods are
contemplated; withdrawal is unlikely if only one dose is
omitted. Anesthesiologists must be aware that patients are
taking an SSRI because they are potent inhibitors of hepatic
CYP 450 enzymes, which can result in prolonged or exag-
gerated effects of other drugs metabolized by the same
enzyme system.

NSAIDs and Aspirin

Contrary to most other drugs, NSAIDs and aspirin should be
stopped preoperatively because of their effects on platelets.
Because of aspirin’s irreversible binding, it should be stopped
at least 10 days prior to surgery. Ibuprofen and naproxen are
reversibly bound and can probably safely be continued until
2-3 days prior to surgery.
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Herbal Medications

An increasing number of children are taking herbal or
homeopathic medications, some of which can interact with
anesthetic and analgesic drugs (St. John’s Wort, kava kava,
valerian) or increase the risk of bleeding (Ginkgo, ginseng).
Many anesthesiologists advise stopping all herbal supple-
ments for 2 weeks before a surgical procedure. Melatonin
is often used to ameliorate sleep derangements associated
with behavioral disorders, and many practitioners will
allow it to be continued throughout the perioperative period
as there are no apparent interactions with anesthetic or
analgesic drugs.

Preoperative Fasting

Aside from upper respiratory infections or other acute ill-
nesses, violation of fasting guidelines is one of the most
common causes for cancelation or delay of surgeries.
Preoperative fasting is required to minimize the risk of vom-
iting and aspiration of particulate matter and acidic liquid
during the induction of anesthesia. Research done at the
authors’ institution has demonstrated that intake of clear lig-
uids up until 2 h prior to the induction of anesthesia does not
increase the volume or acidity of gastric contents. Our policy
is to recommend clear liquids up until 2 h prior to the patient’s
scheduled arrival time. Breast milk is allowed up until 3 h
before arrival, and infant formula is allowed until 4 h before
arrival in infants less than 6 months of age and until 6 h
before arrival in babies between 6 and 12 months of age. All
other liquids (including milk), solid food, candy, and gum
are not allowed <8 h before induction of anesthesia. In order
to minimize “NPO violations,” we developed a color flyer
with clear rules that is provided to families at their preanes-
thetic visit (Fig. 1.2).

Laboratory Testing and Diagnostic Studies

For most procedures in healthy children, preoperative labo-
ratory testing and/or diagnostic studies are not necessary.
Patients with underlying diseases should have appropriate
testing to ensure that they are in optimal health at the time of
anesthesia:

Hemoglobin/hematocrit. At our institution, all neonates and
infants less than 6 months of age must have their hemo-
globin checked prior to surgery. For any procedure associ-
ated with the potential for significant blood loss and need
for transfusion (tonsillectomy, craniotomy, spinal fusion),
a complete blood count should be performed in the preop-
erative period.
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Pregnancy testing. Routine screening for pregnancy in all
girls who have passed menarche is strongly recom-
mended. An age-based guideline (any girl 11 years of age
or older) might be preferable. Although it is easiest to per-
form a point-of-care test for HCG in urine, if a patient
cannot provide a urine sample, blood is drawn and sent
for serum testing. Institutional policy may allow the
attending anesthesiologist to waive pregnancy testing at
their discretion.

Other studies. The nature of the planned surgical procedure
may dictate additional studies. It is important to note that
the results of any testing must be reviewed and interpreted
before proceeding with surgery. Patients at risk for an
occult mediastinal mass include those who are scheduled
for cervical or supraclavicular lymph node biopsy due to
a high index of suspicion for lymphoma and should have
a preoperative chest X-ray.

Editor’'s Comment

We are fortunate to live in an era in which general anesthesia,
especially for healthy children, is extraordinarily safe. In
fact, because it involves more secure control of the airway, it
is probably associated with fewer serious complications than
moderate or deep sedation. Nevertheless, we should not be
complacent and should instead take every case involving
general anesthesia very seriously. This means a meticulous
and systematic approach to preoperative preparation based
on evidence-based protocols and strict attention to detail.
Many institutions utilize physician extenders to perform the
preoperative assessment of every patient according to strict
guidelines. Children at our institution are evaluated by nurse
practitioners, unless they have significant risk factors for an
anesthetic or surgical complication, in which case they are
also seen in the Anesthesiology Department by specially
trained nurse practitioners or an anesthesiologist. Healthy
children should not be subjected to phlebotomy or medical
imaging unless absolutely necessary. It is useful to have very
specific guidelines with clear triggers for various proposed
tests. To avoid a delay or last-minute cancelation, consider
obtaining a formal consultation with an anesthesiologist well
in advance of the scheduled date of the operation.

Allergies are obviously important to document, but it is
also clear that the majority of reported allergies are errone-
ous or exaggerated. This is partly due to overly anxious
parents who are quick to label their children with an allergy
and clinicians who are afraid of hurting a child or being
held liable for inducing an allergic reaction. Falsely
reported reactions prevent some patients from getting the
medications they need or force clinicians to administer
inferior alternatives. Moreover, the science of allergy
immunology is clearly still inadequate to help us sort out
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Fig.1.2 Fasting instructions
given to families at the
preoperative Vvisit

Procedure date:

The Children's Hospital of Philadelphia

Pre-operative Information

Arrival time on day of procedure:

IMPORTANT RULES
about Eating and Drinking before

Anesthesia or Sedation

Eating and drinking before anesthesia can cause problems such as choking or vomiting
during the procedure. Follow these rules exactly or the procedure will be delayed or
cancelled. Supervise your children closely as many will "sneak" food. Check cars and car
seats for food that may be in your child's reach.

NO

YES

YES

YES

these very important questions. Until better tests or pre-
ventive medications become available, we have no choice
but to continue taking a careful history and using the cur-
rent approach, albeit characterized by somewhat excessive
caution.

When considered on purely statistical grounds, preopera-
tive fasting guidelines are admittedly excessive and some-
times extremely frustrating (is chewing gum really equivalent

Food, milk, drink, candy, or gum,
after
11 pm the evening before your

Clear Liquids
Your child may drink water,
Pedialyte, or clear liquids until
2 hours before your arrival time

Breast milk

Babies may be breastfed until
3 hours before your arrival time.

Heal thy babies less than 6
months old on day of procedure
may have formula until 4 hours
before your arrival time.

Infant

5
_

DO NOT ADD
CEREAL

Healthy babies 6 to 12 months
old on day of procedure may have
formula until 6 hours before your
arrival time.

to eating solid food?), but they probably need to be to avoid
even a single preventable episode of aspiration and hypox-
emia. This is especially true in infants with obstruction,
which explains the seemingly excessive measures experi-
enced anesthesiologists take when evacuating the gastric
contents of babies with pyloric stenosis. The result of being
cavalier in these situations can be the rare but horribly tragic
case of a neurologically devastated child.
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Prenatal Diagnosis and Genetic

Counseling

R. Douglas Wilson

Birth defects are increasingly being identified prenatally,
allowing the pediatric surgeon to become involved before pre-
sentation in the neonatal intensive care unit. Congenital mal-
formations are the most frequent cause of mortality during the
first year of life, accounting for approximately 20 % of all
infant deaths in the USA. The overall risk of birth defects for
any couple undertaking a pregnancy is estimated at 3-5 %,
with 2-3 % of those infants having major structural abnormali-
ties identified prenatally and requiring evaluation and treat-
ment as a newborn (Table 2.1). More functional birth defects
and developmental changes, not recognizable as structural
anomalies, can make up the additional 2-3 % by the end of the
first year of life. Minor birth defects are estimated at 8—10 %
but generally are not associated with significant morbidity.

The principal causes of birth anomalies are (1) chromo-
some abnormalities, such as microdeletion and microdupli-
cation syndromes, (2) single-gene disorders, (3) multifactorial
disorders involving both genetic and environmental factors,
(4) teratogenic exposure, and (5) idiopathic.

The most common prenatal diagnosis procedure is ultra-
sound (US), which is recommended as a routine evaluation
for all pregnancies in the 18-22 weeks’ gestational age range.
First trimester US is becoming more common for screening
of pregnancies to identify early risks for aneuploidy and
structural defects, but this is not as frequently utilized as the
second trimester US. The classification of fetal and birth
defects has developed over the years with the Royal College
of Obstetricians and Gynaecologists in the United Kingdom
looking at four specific subgroups: (1) lethal anomalies, (2)
anomalies associated with possible survival and long-term
morbidity, (3) anomalies that may be amenable to intrauterine
therapy, and (4) anomalies associated with possible immedi-
ate or short-term morbidity.
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Genetic Inheritance Mechanisms and Other
Etiologies

Autosomal recessive inheritance is common as all individu-
als are carriers for up to five recessive genetic conditions. For
common recessive conditions, the survival advantage con-
ferred by being heterozygous is usually much more impor-
tant than incidence of new mutations for maintaining the
diseased gene at high frequency, the most obvious example
being sickle cell disease, in which carriers are less suscepti-
ble to malaria. Heterozygotes do not usually manifest a phe-
notype or, if they do, it is a mild form of the disease. Affected
siblings often follow a similar clinical course —more similar
in fact than for many autosomal dominant disorders. Once a
diagnosis of a recessive disorder is made, the parents are con-
sidered obligate carriers, and the risk of another affected
child is 25 %. The healthy siblings of the affected individuals
have a two-thirds risk of recessive carrier status.

Autosomal dominant diseases require a single mutant
allele to be manifested and are characterized by significant
clinical variability. Factors influencing this variability include
penetrance, expressivity, somatic mosaicism, germline mosa-
icism, reproductive ability of the affected individual, new
mutation rate, paternal age effect (new mutations occur with
age greater than 50), and anticipation (worsening of the dis-
ease severity in successive generations). Carriers of autoso-
mal dominant conditions have a 50 % chance of passing the
condition on to their offspring.

X-linked recessive disorders usually manifest in males who
are hemizygous for the X chromosome but generally not in
carrier females. The exception is the rare situation in which,
rather than the usual 50-50 inactivation pattern, the inactiva-
tion of one X chromosome predominates, allowing an
X-linked recessive condition to be clinically expressed.
Mosaicism may also occur, as in Duchenne muscular dystro-
phy and androgen insensitivity syndrome. When a female
X-linked recessive carrier has a pregnancy, there are four
possible outcomes that occur in equal proportion: normal
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Table 2.1 Congenital anomalies: classification and frequency
Frequency (per 1000)
Classification Isolated Multiple
A Major malformations (mortality; severe morbidity) 30 7
B Deformations (mechanical; intrinsic or extrinsic) 14 6
C Minor malformations (limited or mild morbidity) 140 5

Source: Data from Connor and Ferguson-Smith (1993), p. 193

daughter, carrier daughter, normal son, and affected son. When
an affected male initiates a pregnancy, all of his daughters will
be X-linked carriers and none of his sons will be affected.

X-linked dominant disorders affect males more severely
and often lead to pregnancy loss or neonatal death. When a
heterozygous affected female has an offspring, there are four
equally likely possibilities: normal daughter, affected daugh-
ter, normal son, and severely affected son. When an affected
male has a child, the daughters will inherit the mutation with
some clinical features while none of the sons will be affected.

Multifactorial inheritance is the result of environmental
interactions with genetic alleles at many loci and is the cause
of a large number of common birth defects, such as cleft lip
and palate, congenital dislocation of the hip, congenital heart
disease, and neural tube defects. The risk of the specific defect
is greatest among close relatives and decreases with increasing
distance of relationship. The risk is also higher when the pro-
band is severely affected and if two or more close relatives
demonstrate the defect. When there are several affected close
relatives, the possibility of an autosomal dominant disorder
with incomplete penetrance should be considered.

Genomic imprinting is when one allele is inactivated in
utero by an epigenetic mechanism such as histone modification
or DNA methylation. The imprint is maintained throughout the
life of the organism. Imprints previously established are
removed during the early development of male and female
germ cells and thus reset prior to germ cell maturation. About
50 genes are known to be imprinted, and these genes have
important roles in growth and development as well as in tumor
suppression. One additional aspect of imprinting is inheritance
by uniparental disomy, in which one of the chromosome pairs
has been inherited exclusively from one parent. If two identical
homologues are inherited, this is called isodisomy; if noniden-
tical homologues are inherited, this is called heterodisomy.

A trisomic zygote is then formed at fertilization and trisomic
rescue with loss of the “paired” chromosome from the other
parent. If uniparental disomy occurs in an imprinted region of
the chromosome, this could determine a specific disease. Some
diseases that are a result of an imprinting effect are transient
neonatal diabetes, Russell-Silver syndrome, Beckwith—
Wiedemann syndrome, Prader—Willi syndrome, Angelman
syndrome, and Albright hereditary osteodystrophy.

Chromosomal mosaicism is the presence of two or more
cell populations derived from the same conceptus that are
genetically disparate. Mosaicism can occur prenatally or post-

natally, due to mitotic nondisjunction, trisomy rescue, or a new
mutation. Prenatal chromosomal mosaicism is increasingly
identified by invasive prenatal diagnostic studies and is found
in 0.3 % of amniocentesis specimens and approximately 2 % of
chorionic villi specimens. In chorionic villi, this is usually con-
fined to the placenta with true fetal mosaicism occurring in less
than 10 % of cases. The morbidity from mosaicism is difficult
to predict and may require analysis of more than one cell source
from the fetus, such as amniocytes or fetal blood.

When evaluating a child with an anomaly, it is important
that the appropriate terms be used so that a clear understand-
ing of the etiology will be conveyed (Table 2.1). The causes
of birth defects include multifactorial inheritance in 25 %,
familial disorders in 15 %, chromosomal defects in 10 %,
teratogens in 3 %, single mutant genes in 3 %, uterine factors
in 2.5 %, twinning in 0.4 %, and unknown in 40 %.

The four defined terms that should be used to describe birth
anomalies are malformation, deformation, disruption, and
dysplasia. The term malformation is used for intrinsic abnor-
malities caused by an abnormal completion of one or more of
the embryonic processes. These anomalies are usually limited
to a single anatomical region, involve an entire organ, or pro-
duce a syndrome affecting a number of different body sys-
tems. Deformations are secondary events that can be extrinsic
or intrinsic to the fetus, such as mechanical forces that alter the
shape or position of a normally formed body structure.
Deformations usually occur during the fetal period. Intrinsic
deformations are secondary to other malformations or neuro-
muscular disorders. Disruption is a structural defect of an
organ, part of an organ, or larger region of the body that is
caused by an interference with or an actual destruction of a
previously normally developing organ or tissue. Disruptions
result from mechanical forces as well as events such as isch-
emia, hemorrhage, or adhesion of denuded tissues. Disruption
anomalies are commonly involved with teratogen exposure.
Dysplasia occurs when structural changes are caused by
abnormal cellular organization or function within a specific
tissue type throughout the body. Except for hamartomatous
tumor development (hemangioma, nevi), this is usually caused
by a primary defect caused by a major mutation.

Additional terms used in describing birth defects include
syndrome, sequence, and association. A syndrome is a particu-
lar set of developmental anomalies occurring together in a rec-
ognizable and consistent pattern and known or assumed to be
the result of a single etiology. A sequence is a pattern of devel-
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opmental anomalies consistent with a primary defect but often
with a heterogeneous etiology (oligohydramnios sequence).
An association is a nonrandom collection of developmental
anomalies not known to represent a sequence or syndrome that
are seen together more frequently than would be expected by
chance, such as the VACTERL association.

When evaluating a fetus or child, parents will want to know
several things about the anomaly: the etiology, the genetics,
the prognosis, the risk of recurrence in subsequent pregnan-
cies, and what further studies might be available to better
answer these questions. The history is very important and
includes the family history for at least three generations, preg-
nancy history and exposures, neonatal history, and, if the child
is older, developmental milestones and current school level.
The physical examination will allow classification of the birth
anomalies into the descriptive terms of malformation (multi-
ple or isolated), deformation, and disruption. The pattern of
the birth defects, both major and minor, will assist in syn-
drome identification as well as considering the possibilities of
a sequence or an association pattern. This type of evaluation
will assist in the investigations and directed diagnostic testing
required (Table 2.2).

Genetic Analysis and Techniques

The screening and diagnostic techniques to evaluate the
genetic status of the fetus are changing rapidly (Tables 2.3 and
2.4). Appropriate pretest counseling and maternal informed
consent are required. Prenatal/genetic assessment can be con-
sidered as:

1. Screening (ultrasound; noninvasive maternal plasma cell-
free fetal DNA (cffDNA))

2. Diagnostic (detailed fetal ultrasound assessment (fetal
echocardiography/Doppler), MRI, invasive needle-based
fetal diagnostic techniques amniocentesis/chorionic vil-
lus sampling/cordocentesis)

National guidelines/recommendations for screening and
diagnosis by ultrasound have been published in 2014 by
National Institute od Child Health and Disease (NICHD),
Society of Maternal Fetal Medicine (SMFM), American
Institute of Ultrasound in Medicine (AIUM), American College
od Obstetrics and Gynecology (ACOG), American College od
Radiology (ACR), Socirty of Perinatal Research (SPT), Society
of Radology (SR). The practices reviewed are fetal US (first tri-
mester, second trimester, ultrasonographic aneuploidy or struc-
tural “soft markers” in the second trimester), US in specific
subgroups and conditions (obese women, twin gestation, pla-
centa previa, placenta accreta, amniotic fluid volume), safety of
ultrasound in pregnancy, and fetal MRI.

Noninvasive prenatal screening (NIPS) using maternal
plasma cell-free fetal DNA (cffDNA) is becoming the primary
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screen or used as a secondary screen tool (after traditional
aneuploidy screening by ultrasound and maternal serum anal-
yses but before invasive testing) for fetal aneuploidy screen-
ing/assessment for trisomy 13, 18, and 21. National Societies
are summarizing the use of NIPS and the precautions:

1. NIPS is not a diagnostic test and requires confirmatory
needle-based invasive testing.

2. The positive predictive value of NIPS is better in high-risk
populations rather than general “all risk” populations.

3. Accuracy for twin pregnancies (dichorionic twins) requires
further investigation.

4. Pretest counseling for screening and subsequent diagno-
sis is very important (Table 2.4).

The traditional tissues required for the invasive/defini-
tive/diagnostic analysis have not changed (amniocytes, cho-
rionic tissue, fetal lymphocytes), but the methods to analyze
the cells have become more sophisticated and detailed
(Table 2.4).

Diagnostic fetal chromosome analysis is commonly per-
formed for prenatal diagnosis when there is increased genetic
risk due to screening risk, ethnicity, birth defects, multiple mal-
formations, familial disorders, risk of neonatal mental retarda-
tion, infertility, or a history of recurrent miscarriages (Table 2.3).
Cytogenetic testing requires the cells that are replicating,
including blood lymphocytes, bone marrow cells, skin fibro-
blasts, amniocytes, chorionic villus, or solid tumor cells.

Standard chromosome analysis using staining methods
(G-banding, Q-banding, C-banding) is being replaced by
molecular chromosomal analysis techniques. G-banding com-
bines the use of trypsin to denature associated proteins and a
green dye. This produces the characteristic dark and light bands
as seen on a standard karyotype. Q-banding uses fluorescent
microscopy, while C-banding is used to enhance the centro-
meric regions and areas containing heterochromatin. Standard
chromosome analysis can identify fetuses with trisomy 21 (1 in
800), trisomy 18 (1 in 5000), and trisomy 13 (1 in 15,000), as
well as sex chromosome abnormalities such as Klinefelter syn-
drome 46XXY (1 in 700 males), 47XYY syndrome (1 in 800
males), 47XXX syndrome (1 in 1000 females), and Turner’s
syndrome 45X or mosaics (1 in 1500 females).

While still in use for chromosomal deletion and duplication
screening/diagnosis, fluorescence in situ hybridization (FISH)
is a sensitive and relatively rapid method for direct visualiza-
tion of specific nucleotide sequences. Single-stranded DNA is
annealed with specific complementary probes tagged with flu-
orescent markers. One of the major advantages of FISH over
the standard cytogenetic techniques is the ability to recognize
subtle chromosomal changes such as deletions or duplications.
FISH probes are used to recognize specific microdeletions that
may be suspected due to the pattern of congenital anomalies.
An example of this is the 22q deletion sequence (DiGeorge
syndrome or velocardiofacial syndrome).
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Table 2.2 Differential diagnosis of congenital anomalies based on

results of screening studies

Neck

Cystic hygroma

Isolated (sporadic)

Trisomies 21 or 18

45X

Noonan’s syndrome (AR)

Hemangioma

Isolated (sporadic)

Klippel-Trenaunay—Weber syndrome

Proteus syndrome (somatic mosaicism)

Teratoma

Isolated (sporadic)

Chest

CCAM

Isolated (sporadic)

Genetic mutations reported for growth control

CPL

AR associated with pleural effusions

CDH

Isolated (60 %)

Trisomy 18, 21; tetrasomy 12p

Chromosomal deletions (15q, 8p, 8q, 4p, 1q)

Cornelia de Lange syndrome (AD, XL); craniofrontonasal
dysplasia (XL)

Donnai-Barrow syndrome (AR); Fryns syndrome (AR);
Matthew—Wood syndrome (AR)

Multiple vertebral segmentation defects (AR)

Jarcho—Levin syndrome (AD); Simpson—Golabi—-Behmel
syndrome (XL)

WT1 mutations

TEF/EA

Trisomy 18, 21

del22q11; 17qdel

VATER/VACTERL (sporadic)

Goldenhar syndrome (sporadic)

CHARGE sequence (sporadic)

OEIS (sporadic)

Feingold syndrome (AD)

Opitz syndrome (XL, AD)

AEG syndrome (SOX2 mutation)

Martinez—Frias syndrome (AR)

CHARGE sequence (sporadic)

OEIS syndrome (sporadic)

Feingold syndrome (AD)

Opitz syndrome (XL, AD)

AEG syndrome (SOX2 mutation)

Martinez—Frias syndrome (AR)

Abdomen

Gastroschisis

Isolated (sporadic)

Omphalocele

Trisomy 13 or 18

Beckwith—Wiedemann syndrome

OEIS syndrome
Cloacal exstrophy
OEIS syndrome
Bowel obstruction

Miller—Dieker syndrome; duodenal atresia; deletion 17p

Short rib-polydactyly syndrome (Type I, IIl— AR)

Trisomy 21 or 22
Cystic fibrosis (AR)
Fryns syndrome (AR)

Feingold syndrome (AD)

Martinez—Frias syndrome

Ascites

Perlman syndrome (AR); Fraser syndrome (AR)
Trisomy 21; 45X; alpha-thalassemia (AR)

OEIS syndrome

CHAOS syndrome

Cystic fibrosis (AR)

Infection (CMYV, parvovirus, toxoplasmosis, syphilis)

Hyperechogenic bowel

Intra-amniotic bleeding

IUGR

Trisomy 21

Cystic fibrosis (AR)

Alpha-thalassemia (AR)

Infections (rubella, CMV, varicella)
Absent stomach

CDH

Trisomy 9 or 18

Tetrasomy 12p

Deletion 4p (Wolf-Hirschhorn syndrome)
VATER/VACTERL sequence
Tracheoesophageal fistula

Distended bladder
Cloacal exstrophy sequence

Megacystis-microcolon-intestinal hypoperistalsis syndrome (AR)

PLUTO (posterior urethra valves, urethral hypoplasia/atresia)

Bladder hypotonia

AR autosomal recessive, AD autosomal dominant, XL X-linked

Another advantage of FISH is that it can be applied to
interphase nuclei of nondividing cells, thereby minimizing
the need for cell culture. A disadvantage of FISH is that cer-
tain structural chromosome abnormalities cannot be detected
with this technique.

In addition to FISH, other molecular genetic methods are
used for rapid aneuploidy detection and include quantitative
fluorescence polymerase chain reaction (QF-PCR) and mul-
tiplex ligation-dependent probe amplification (MLPA),
which is replacing standard cytogenetics due to their sensi-
tivity, specificity, and cost saving compared to the full karyo-
type if aneuploidy (large chromosome defect) testing is the
primary reason for the prenatal diagnosis.
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Table 2.3 Informed consent (benefit/risk) for ultrasound-guided invasive acquisition of fetal tissue for genetic and other fetal laboratory investigations

Benefit: diagnosis, possible treatment, prognosis

Risk: spontaneous loss with no procedure; loss (added or total) for invasive acquisition technique

1. Spontaneous fetal death (FD)/loss rate after 10 gestational weeks

Evidence-based etiology/cause

(a) Fetal 25-40 % (Chromosomal; birth defect NTD/CNS, cardiac,
immune/nonimmune hydrops, infection)

(b) Placental 25-35 % (Abruption, PROM, implantation/growth issues,
chorioamnionitis)

(c) Maternal 5-10 % (Diabetes, hypertension, obesity, thyroid, renal,
APA, thrombophilia)

(d) Unexplained 15-35 %

2. Amniocentesis Estimated total singleton procedure loss risk is 0.5-1.0 % (range 0.17-1.5 %)

Risk of miscarriage above the estimated background rate
or as the loss rate (total or at a specific GA beyond
procedural related affect)

(Related to maternal age, gestational age at procedure,
indication for procedure, provider experience)

3. CVS (TC/TA) Estimated added postprocedure loss rate of 0.5-1.0 %
Risk of miscarriage above the estimated background rate | (Total spontaneous and procedure loss rate of 1.9-2.0 %)
or as the loss rate (total or at a specific GA beyond
procedural related affects)

(Related to maternal age, gestational age at procedure, Total fetal loss rate for TA CVS=second trimester amniocentesis rate RR 0.9
indication for procedure, provider experience) (0.66-1.23)
TA 12 %
TC2-6 %
(TC increased fetal loss OR 1.40 (1.09-1.81)
4. Cordocentesis 18-24 weeks increased risk
Total risk of miscarriage No anomalies 1 %

Anomalies 7 %
IUGR 14 %
Hydrops 25 %

Source: Reprinted with permission from Wilson RD. Fetal Hydrops: An Evidenced Based Triage, Diagnosis, and Treatment Approach. In: High-Risk
Pregnancy: Management Options, 5th Edition, ed. David James et al. Cambridge: Cambridge University Press. Forthcoming 2016
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Table 2.4 Checklist for depth of genetic analysis/information avail- Maternal and Fetal Risks and Benefits J Obstet Gynaecol Can
able based on techniques, infectious, and body cavity fluid analysis  2015;37(7):656-668, by permission of the Society of Obstetricians
Source: Reprinted from Wilson RD et al. Prenatal Diagnosis Procedures  and Gynaecologists

and Techniques to Obtain a Diagnostic Fetal Specimen or Tissue:

Indication for Invasive Prenatal Testing

a

a
(.
a

Past obstetrical history (fetal chromosomal anomaly / genetic syndrome)
specify.
Positive family history ( translocation carrier; genetic carrier AR/AD/XL)
specify:
+ aneuploidy screening test (first + NT/second trimester, maternal age>35)
specify.
Fetal anomalies identified by ultrasound imaging specify: NIFH

Depth / Complexity of Fetal Testing: Patient informed consent counselling
Genetic Complexity Level I-V

a

a

1. Fetal karyotype only: for the number of chromosomes / chromosome pairs and
large chromosome re-arrangements / large deletion / duplication detection

1I. Fetal karyotype plus selected molecular deletion / duplication testing
Specify molecular del /dup test:
Deletion interstitial p or q chromosome arm location
Deletion terminal or subtelomeric location
Duplication interstitial direct ‘abab’ or inverted ‘abba’
Duplication terminal or subtelomeric location

I11. Fetal karyotype plus array CGH (comparative genomic hybridization)
CGH analysis with fetal anomalies identifies 6% more genetic pathology not
seen by karyotype alone (additional findings vary based on anomalies)

1V. Fetal karyotype plus whole genome sequencing( genome and exome sequencing)
Recurrence of anomalies; Limited use to date for prenatal assessment but
increasing neonatal use

V. Fetal sexing only ( molecular / ultrasound) FISH or QF-PCR for sexing

O Other  amniotic fluid testing

Genetic DNA storage (future); FISH or QF-PCR trisomy only
Infection culture; PCR (CMV, ParvoB12, toxoplasmosis) RPR syyphilis
Fetal lung maturity (dependent on GA)

fetal blood testing CBC , platelets, TORCH, liver, Hb electro

cavity aspiration lymphocyte count, albumin, culture
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The whole genome can be evaluated for copy number
variation (CNV), indicating that there is too much or too lit-
tle of a portion of a chromosome. This is known as array-
based comparative genomic hybridization (array CGH) and
is able to detect small changes in the amount of chromo-
somal material in the fetus but with the advantage of signifi-
cant less analysis time than a standard karyotype. Studies
that compare chromosomal microarray with standard karyo-
typing for prenatal diagnosis suggest that the microarray
technology identifies an additional 6 % of clinically relevant
deletions and duplications in fetuses with structural abnor-
malities and a standard normal karyotype. The microarray
does not typically identify fetal-balanced translocations or
triploidy. In prenatal diagnostic cases where fetal anomalies
(isolated or multiple) are identified, the prenatal diagnostic
standard of care is moving to the diagnostic molecular
technology.

The limitations of array CGH are that it cannot detect chro-
mosomal defects in which the total amount of chromosome
material is unchanged. Therefore, it cannot be used to identify
balanced rearrangements such as reciprocal translocations,
Robertsonian translocations, or inversions.

Other molecular technology such as whole genome/exome
sequencing is required for certain genetic diagnostic circum-
stances as array CGH cannot detect point mutations or small
changes in the genes as it is designed to detect syndromes
caused by duplications or deletions of large amounts of chro-
mosome material.

Chromosomal mosaicism may or may not be more identifi-
able depending on the level of the mosaicism. The level of the
mosaicism needs to be higher than 15-30 % of the cells. The
array CGH analysis will also identify “normal variants” that
are not associated with pathological changes. For this reason,
when prenatal or neonatal array CGH testing is undertaken,
parental bloods are used to compare for the presence of these
“normal” variants. Other pediatric surgery issues are important
to identify and include the appropriate evaluation of prenatally
diagnosed structural congenital anomalies and the need for
informed consent and recommendation for fetal and perinatal
autopsy in prenatally diagnosed fetal abnormalities with nor-
mal karyotype.

A good understanding of prenatal diagnosis techniques,
genetic counseling issues, and birth defect terminology and eti-
ologies will assist pediatric surgical specialists in their daily role
of caring for fetuses, newborns, and children with birth defects.

Editor's Comment

Prenatal testing continues to evolve as newer and less invasive
technologies are developed. Many women in the USA undergo
a quadruple screen (or “quad” screen, which has replaced the
triple screen) in the second trimester, a test that measures serum
levels of alpha-feto=protein (AFP), unconjugated estriol,
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human chorionic gonadotropin (hCG), and inhibin. It is more
than 80 % sensitive for neural tube defects and certain chromo-
somal abnormalities (trisomies 18 and 21), but has a 5 % inci-
dence of false-positive results. A positive screen is usually
followed by more detailed imaging or, in some cases, amnio-
centesis or chorionic villus sampling (CVS). Imaging modali-
ties, including 3-D ultrasound and fetal MRI, have also
continued to improve significantly, allowing the prenatal char-
acterization of complex structural anomalies such as heart
defects and gastrointestinal abnormalities. There are now a
number of fetal diagnostic and therapeutic specialty centers
where the care of the high-risk pregnant woman and fetuses
with congenital anomalies can be coordinated and planned,
sometimes allowing in utero intervention.

What defines a pregnancy as high risk for birth defects is
somewhat variable, but usually includes women who are over
35 years of age, women who have a history of miscarriages or
premature births or have given birth to a child with cardiac
defects or genetic abnormalities, parents with an ethnic back-
ground associated with a high risk of certain genetic syn-
dromes, multiple fetuses, and women with certain medical
conditions (diabetes, systemic lupus erythematosus, seizure
disorder). Regardless of the calculated risk of a birth defect,
national groups like the American College of Obstetricians
and Gynecology often recommend that all pregnant women
be made aware of the prenatal screening tests that are avail-
able to them.
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Epidural and Regional Anesthesia

Harshad G. Gurnaney and Arjunan Ganesh

The management of postoperative pain in children has
evolved into a multimodal approach, including newer drugs
and advances in regional anesthetic techniques. In addition,
the changes in the attitudes of physicians, nurses, patients,
and families, coupled with increased pressure from external
regulatory agencies and hospital administrators mandating
the adequate assessment and effective treatment of pain in
children, have led to the incorporation of these advances into
clinical practice. It can no longer be debated whether infants
and children have the capacity to feel pain or whether the
experience of pain by a child can result in negative conse-
quences. In fact, evidence is mounting that inadequately
treated pain can result in harmful physiological and behav-
ioral consequences as well as delay return to a regular diet,
activity, and hospital discharge.

Although systemic opioids have long been the mainstay
of treatment for postoperative pain management in children,
a very important advance in pediatric pain management over
the last few decades has been the recognition that the harm-
ful side effects of systemic opiate (nausea, vomiting, consti-
pation, ileus, sedation, respiratory depression, pruritus) can
be minimized by the use of other analgesic agents and tech-
niques that act at other targets in pain pathways. Furthermore,
one of the most effective methods for reducing opiate con-
sumption in any patient population including children, and
therefore the unwanted opiate-related side effects, is the
judicious use of an appropriate regional anesthetic technique
whenever possible.

Advantages of regional anesthesia include site-specific
analgesia, decrease in the use of opioids, superior analgesia,
lowering of the hormonal stress response, and improved pati-
ent and family satisfaction. The importance and advantages
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of providing adequate perioperative analgesia in infants and
neonates have been well described. These include minimizing
the endocrine and metabolic responses associated with surgi-
cal stress and decreasing the risk of neurobehavioral changes
later in childhood.

Regional anesthetic techniques used in children undergo-
ing general surgical procedures include epidural analgesia
(single injection or continuous infusion), intrathecal (spinal)
analgesia, penile block, ilioinguinal/iliohypogastric blocks,
and rectus sheath blocks. Most techniques used in pediatric
regional anesthesia are similar to the ones used in adults.
However, drug doses used have to be adjusted to body weight
and pharmacokinetic differences, particularly in neonates and
young infants. Also, unlike adults, most regional anesthetic
techniques in children are performed under general anesthe-
sia. Although this could increase the risk of these procedures,
large prospective observational studies have demonstrated
that trained anesthesiologists can safely perform these tech-
niques. The addition of ultrasound guidance increases the
precision and success rate and lowers the volumes of local
anesthetic used, potentially reducing the risk of toxicity.

Based mostly on experiments in animals, there has
recently been increasing concern among clinicians and par-
ents regarding the potential risk of neurotoxicity in neonates
and young infants exposed to general anesthesia. Although
clinical data are currently inconclusive, there are several
ongoing multicenter studies to address this issue. This has
led to a renewed interest in the role of regional anesthesia as
the primary anesthetic for surgery when feasible. Some of
these techniques include spinal anesthesia and epidural anes-
thesia for procedures below the umbilicus and peripheral
nerve blocks for extremity surgery.

Epidural Analgesia
In neonates, the spinal cord usually extends to the level of L3

and the dural sac to the level of S3, but they gradually recede
to the adult levels of L1 and S1 during the first year of life.
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It is therefore recommended that dural punctures for intra-
thecal (spinal) injections be performed below the level of
L3 in infants.

The epidural space is a potential space located outside the
dura and contains blood vessels, fat, and lymphatics. In
infants and young children, the epidural space is accessed
via the sacral hiatus, which is usually easily identified and
allows for single-shot injections or for continuous infusions
through an indwelling catheter. The single-shot technique
provides effective analgesia for surgical procedures below
the level of T10.

The caudal approach to the epidural space is usually
obtained with the patient in the lateral decubitus position.
Using strict sterile technique, the needle is advanced cepha-
lad through the skin at the level of the coccyx; one can appre-
ciate crossing the sacrococcygeal membrane by a sudden
loss of resistance. In case of a single injection technique,
aspiration is performed to rule out intravascular or intrathe-
cal position of the needle tip, and then a small test dose of
local anesthetic combined with epinephrine 1:200,000 is
injected, while the patient’s EKG is monitored continuously.
Abrupt changes in heart rate and ST segments or T-wave
morphology suggest intravascular injection. Once proper
epidural needle placement is confirmed, a larger dose of
long-acting local anesthetic such as ropivacaine or bupiva-
caine is administered in incremental doses and can provide
postoperative analgesia for over 4 h.

Continuous infusions of local anesthetics into the epi-
dural space can be used to provide intra- and postoperative
analgesia after surgical procedures performed below the
level of T4. Catheters may be placed in the epidural space
using the caudal, lumbar, or thoracic route. Ideally, the tip of
the epidural catheter is positioned in the center of the
involved dermatomes. In infants, thoracic and lumbar der-
matomal analgesia may be obtained by advancing a styletted
epidural catheter to the thoracic and lumbar epidural level
via the caudal approach. Although this technique may be
potentially safer than placing a catheter by the thoracic
approach, incorrect dermatomal placement can occur. When
a catheter is advanced from a caudal entry, radiographic con-
firmation of the catheter tip by injection of contrast through
the catheter should be performed. Radiopaque epidural cath-
eters that are now available and should help in documenting
the catheter tip location without the use of contrast.

When direct access to the lumbar or thoracic epidural
space is desired, the epidural space is usually identified by a
loss-of-resistance technique with saline as the epidural nee-
dle is advanced gradually, usually in the midline. A catheter
is then advanced via the needle up to a distance of 3-5 cm
beyond the tip of the needle within the epidural space.

After a catheter is placed in the epidural space, a test dose
of local anesthetic with epinephrine is administered to
rule out an intravascular injection. Epidural infusions are
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typically started following a bolus injection in the operating
room. The infusate may consist of a single agent (usually a
local anesthetic) or a combination of local anesthetic and
opioid or clonidine. Inpatients with continuous epidural infu-
sions are followed closely by the pain management service,
who are consulted soon after the epidural is placed in the
OR. A full report including the patient’s medical history, sur-
gical procedure, location of the epidural insertion site, and
medications administered via the epidural catheter needs to
be communicated to the pain management service.

Postoperative monitoring of these patients includes
continuous EKG monitoring, hourly respiratory rate, and
4-hourly recording of blood pressure, heart rate, mental sta-
tus, and pain scores. These patients also need to be followed
by a team of physicians and nurses with expertise in continu-
ous epidural analgesia, in order that adequate analgesia is
provided and complications like nausea, vomiting, pruritus,
motor block, and infection at epidural site are detected and
treated appropriately. When opioids are administered into
the epidural space, continuous intravenous infusions of opi-
oids should be avoided. However, additional intermittent
intravenous opioids may be administered after consultation
with the pain management service.

The most common problem noted with continuous
epidural analgesia is inadequate analgesia due to incorrect
dermatomal location and inappropriate infusion rate or solu-
tion. Mechanical problems include kinking and obstruction
of the catheter, leakage, accidental displacement of catheter,
and pump failure. Side effects related to opioids in the epi-
dural infusion like nausea/vomiting, pruritus, and sedation
with respiratory depression are managed with ondansetron,
nalbuphine, and naloxone, respectively. Another rare but
potentially serious complication is local anesthetic toxicity
related to systemic absorption or accidental placement or
migration of the catheter into a blood vessel. Strict adher-
ence to epidural analgesia dosing protocols is required to
avoid excessive administration of local anesthetics. The pain
management team should inspect all epidural infusions and
infusion pumps regularly to confirm that the correct solu-
tions and dosages are being administered. Neonates have a
higher risk of developing local anesthetic toxicity related to
immature hepatic and renal function and thus decreasing the
metabolism and excretion of local anesthetics. A functioning
intravenous line is required in patients with continuous epi-
dural infusions. In addition, a breathing circuit, oxygen
source, and suction should be immediately available at the
bedside to deal with respiratory complications.

Other complications of epidural catheter placement
include epidural hematoma, epidural abscess, nerve injury,
post-dural puncture headache, chronic back pain, and unin-
tentional intrathecal injection resulting in a “high spinal.”
A high spinal can cause severe respiratory depression and is
managed by providing supportive cardiorespiratory measures
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until the effect of the local anesthetic wears off. Any suspicion
of an epidural hematoma/abscess including back pain or
neurological deficit should generate an immediate neurosur-
gical consult while concurrently performing neuroimaging
studies. Post-dural puncture headache is often successfully
treated using conservative measures that include rest, fluids,
and caffeine. An epidural blood patch is the definitive treat-
ment when conservative measures fail.

Spinal Anesthesia and Analgesia

Although used sparingly, a spinal anesthetic technique is
useful in premature infants who are less than 60 weeks post-
conception and full-term infants less than 44 weeks postcon-
ception and who are having surgery below the level of T10
and decreases the incidence of postoperative apnea when no
additional opioids, sedatives, or hypnotics are used. Most
infants do fairly well with this technique. Also, the recent
increase in concern of potential neurotoxic effects of inhala-
tional anesthetics has resulted in a resurgence of this tech-
nique as the sole anesthetic in neonates and infants for brief
procedures below the level of the umbilicus. The technique
is limited by the duration, which is usually in the range of
60-90 min. Spinal anesthesia is also a useful technique in
children undergoing muscle biopsy, particularly in those
having a higher risk of developing malignant hyperthermia.

Spinal analgesia using intrathecal morphine can be used
for operations of the lower extremities, abdomen, and tho-
rax. A single intrathecal injection of morphine 5 pg/kg can
provide analgesia for about 12-24 h. Although respiratory
depression with this dose is rare, other side effects like pruri-
tus and nausea or vomiting are more common. These side
effects are dealt with in the same manner as those seen with
epidural opioids.

Penile Block

Penile nerve blocks can be effective as the sole anesthetic
technique for circumcision or to provide postoperative anal-
gesia following circumcision or distal hypospadias surgery.
Several techniques have been employed. The simplest tech-
nique is to perform a ring block around the base of the penis
while taking care to avoid the subcutaneous veins. The penile
nerves may also be blocked in the subpubic area using the
technique described by Dalens. Using a long-acting local
anesthetic like bupivacaine or ropivacaine helps to prolong
the period of postoperative analgesia. Complications from
penile blocks include hematoma formation and intravascular
injection.
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llioinguinal and Iliohypogastric Block

Ilioinguinal and iliohypogastric nerve block is commonly
performed for inguinal hernia repair. The nerves lie between
the internal oblique and the transversus abdominis muscle
about 1-2 cm medial and cephalad to the anterior superior
iliac spine. Although the block is still performed using the
double-pop technique (representing the popping of the nee-
dle through the external oblique aponeurosis and the internal
oblique muscle), ultrasound increases the success of the
block and allows the use of smaller quantities of local anes-
thetic compared to the double-pop technique. Complications
of this block include hematoma and intraperitoneal or intra-
vascular injection.

Rectus Sheath Block

The rectus sheath block provides effective intra- and postop-
erative analgesia following umbilical hernia repair and other
midline abdominal procedures. The 9th, 10th, and 11th tho-
racic nerves are blocked bilaterally by infiltrating local anes-
thetic between the posterior rectus sheath and the rectus
abdominis muscle. This technique is usually done using a
short bevel or a blunt-tipped needle and feeling the pop
through the anterior rectus sheath and advancing the needle
further until the resistance of the posterior rectus sheath is
met. At this point local anesthetic is infiltrated. Ultrasound
guidance is being used more and more to precisely guide the
needle to the target to ensure a higher level of success and
also to accomplish the block with a smaller amount of local
anesthetic.

Editor’'s Comment

The vast majority of surgical procedures performed in chil-
dren are performed under general anesthesia. Properly per-
formed regional techniques, such as epidural analgesia and
regional blocks, can be very effective and reduce the need
for systemic narcotics, decrease the physiologic stress
response, and provide lasting postoperative pain relief in
these patients. The key, however, is accurate placement. This
can be difficult to achieve, especially given that these proce-
dures are technically demanding, require a great deal of
experience, and are often placed when the child is already
under general anesthesia, removing an element of feedback
that is usually available when placed in adults.

When used as part of a postoperative enhanced recovery
protocol after major bowel surgery, thoracic epidural cathe-
ters through which local anesthetics are infused instead of
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opioids postoperative pain relief probably reduce
postoperative ileus and shorten hospital stay. Children with
lumbar epidural catheters not only can have a prolonged
ileus, but they usually require a Foley catheter and often have
lower extremity weakness, which delays ambulation. In
addition, the success rate of epidural analgesia is variable
and disappointing. When they fail, the children suffer and the
parents become frustrated and angry. There needs to be an
aggressive and rapidly instituted back-up plan, including the
use of intravenous narcotics or anxiolytics.

It might be true that a well-placed and expertly managed
epidural catheter can help avoid some of the negative
sequelae of systemic opioids as traditionally administered,
but it is probably also true that most children can be safely
and effectively managed with patient-controlled or intermit-
tent intravenous opioids administered as needed. This is
only possible, however, if we use intravenous narcotics in
the dosage and frequency necessary to keep the patient
comfortable (most tend to use doses that are too small at
intervals that are too long): continuously monitor vital signs;
avoid continuous intravenous infusions, which tend to pro-
long the ileus and cause excessive sedation and respiratory
depression; use intravenous acetaminophen, nalbuphine, or
ketorolac starting on POD 1 or sooner; and advance diets
early to allow rapid transition to oral narcotic analgesic
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medications, which provide much longer and more uniform
pain relief with fewer side effects. If an epidural catheter is
in place, weaning it should start on POD 1 and the catheter
removed by POD 2 or 3 to avoid side effects that tend to
prolong recovery.
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Pediatric surgeons play an important role in managing the
nutritional needs of their patients, working collaboratively
with the nutritionist, neonatologist, intensivist, and gastroen-
terologist to ensure that the specific needs of the surgical infant
or child are met. Although the clinician has the opportunity to
provide nutrition intravenously when needed, enteral access
is always preferred when possible. Enteral nutrition is more
physiologic, is associated with lower cost, and avoids the com-
plications associated with parenteral nutrition, including local
and systemic infection, hepatic dysfunction, vascular compli-
cations including thrombosis and septic thrombophlebitis, and
mechanical complications of intravenous access devices.
Simple enteral access, particularly if indicated for a short
period of time (<4 weeks), can be provided by feeding tubes
passed through the nose or mouth. Placement of these tubes is
generally straightforward and easily performed. Moreover, the
gastric reservoir will tolerate bolus feedings and stimulate the
pancreatico-hepatobiliary axis. If the stomach is not an appro-
priate site for enteral feedings, transpyloric tubes (nasoduode-
nal or nasojejunal) may be used. These are often indicated in
the setting of gastroparesis, significant gastroesophageal reflux,
or poor airway protection. Placement can be challenging and
sometimes requires endoscopic or radiographic assistance.
Transpyloric tubes are not ideal long-term solutions as the tip
frequently migrates back into the stomach. Surgical approaches
for neonates or children requiring chronic enteral access may
also be needed.

Nutritional Requirements

Breast milk and standard infant formula are designed to pro-
vide sufficient calories, protein, and fat for normal growth and
development. A well-balanced formula contains approximately
50 % of calories as carbohydrate, 35 % as fat, and 15 % protein.
The younger the child, the greater are the energy requirements
to maintain normal growth (Table 4.1). Basic caloric require-
ments are estimated to be 2.5-3-fold greater in young children
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as compared to adults. Weight gain, which represents a sim-
plistic global assessment of adequate caloric intake, should be
between 20 and 30 g daily for full-term infants and 10-20 g
daily for preterm infants. However, it is important to remember
that while underfeeding is undesirable, overfeeding also has
adverse sequelae. Too much carbohydrate intake can lead to
osmotic diarrhea and overproduction of CO,, complicating
ventilator management. Therefore understanding a child’s
nutritional needs is critically important to maintaining proper
growth and development and optimizing substrate availability
in the hospitalized and critically ill child.

The protein in standard infant formulas is most commonly
derived from cow’s milk. These formulas typically contain
more casein protein than whey protein, which is the predomi-
nant protein in breast milk. While lactose intolerance is rare in
children under the age of 4 years, cow’s milk protein allergy is
common, usually presenting with irritability, abdominal dis-
tention, vomiting, hematochezia, or diarrhea 30—120 min after
feeding. If the clinician is concerned about a cow’s milk pro-
tein allergy, changing to a soy protein-based formula would
not be appropriate. Rather, protein hydrolysate formula and
elemental formula would be better. Soy formula is indicated
for infants and children with galactosemia (1:30,000—60,000
births). The carbohydrate source is sucrose and corn syrup,
which are tolerated in patients with galactose-1-phosphate
uridylyltransferase (GALT) deficiency. Soy-based formula
can also be used if the parents prefer a vegan diet, but not in
preterm infants as osteopenia can occur.

Specialized formulas are available for specific clinical
settings (Table 4.2). Infants and children with chylous asci-
tes, chylothorax, or long-chain 3-hydroxyacyl-coenzyme A
dehydrogenase (LCHAD) deficiency benefit from a formula
enriched in medium-chain triglycerides (MCT). These for-
mulas, which contain 80-87 % MCT as the fat source, are
beneficial because MCTs are absorbed across the brush bor-
der and transported to the liver through the portal circulation,
without requiring transport in the lymphatics. Some MCT-
enriched formulas are specifically designed for infants, while
others are nutritionally more appropriate for older children
and adults based on vitamin and protein content. Patients
with pancreatic insufficiency, cystic fibrosis, fat malabsorp-
tion, or short bowel syndrome might also benefit from a
MCT-enriched diet.
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Table 4.1 Calorie and protein requirements

Calories (kcal/kg/day) Protein (g/kg/day)
Premature infants 120 3.0-4.0
Infants (0-1 year) 100-110 2.0-3.0
Children (1-10 years) 70-100 1.0-1.3
Adolescents (>10 years) 40-55 0.8-1.0
Table 4.2 Choosing the right formula for infants
Infant formulas Trade names* Protein Carbohydrate Indications
Standard Similac Advance Cow’s milk Lactose
Enfamil Premium
Soy Abbott Isomil Soy Sucrose Galactosemia
Enfamil ProSobee Corn syrup solids Vegan diet
Gerber Good Start Gentle Plus Congenital lactase
deficiency (rare)
Severe diarrheal illness
Predigested Enfamil Nutramigen Lipil Abbott Oligomeric Sucrose Milk protein allergy
Alimentum Advance Enfamil
Pregestimil Lipil
Elemental Abbott EleCare Amino acids Corn syrup solids Milk protein allergy
Nutricia Neocate
Enfamil Nutramigen
MCT-enriched Mead Johnson Enfaport Cow’s milk Corn syrup solids Chylothorax
Chylous ascites
LCHAD deficiency

aFormulas listed represent selected examples only. Other formula options are available

LCHAD long-chain 3-hydroxyacyl-CoA dehydrogenase, MCT medium-chain triglycerides

Premature Infants

Breast milk is the ideal food for newborns. Not only does it
provide sufficient macronutrients and electrolytes for normal
growth, but it has also been shown to be beneficial for immune
function and neurodevelopment. In premature infants, the use
of breast milk lowers the incidence of necrotizing enteroco-
litis. Mothers of premature infants should be encouraged to
store their milk and to maintain their supply. When maternal
breast milk is not available, donor breast milk should be
considered. This exceptional nutrient source can be forti-
fied if necessary with powdered formulas to increase caloric
density.

When breast milk is unavailable, one needs to consider that
premature infants have different nutritional requirements than
term infants. Preterm formulas have a greater concentration of
calories, protein, calcium, and phosphorus. Preterm infants are
relatively deficient in bone density compared to term infants
and the supplemental nutrients help to diminish the risk of
osteopenia and osteomalacia. Standard premature infant
formula preparations provide 22-24 kcal/oz, as compared to
standard infant formulas, which provide 20 kcal/oz. A greater

portion of fat provided in the preterm formula is comprised of
MCTs to compensate for a limited bile salt pool.

At our center, we introduce intermittent trophic feedings
within 24 h of life, even in extremely premature infants
(24-26 weeks gestational age), if they are otherwise stable.
Contraindications to starting trophic feedings include severe
acidosis or hemodynamic instability requiring vasopressor
support. The presence of an umbilical arterial or venous line,
mechanical ventilation, or a hemodynamically insignificant
patent ductus arteriosus does not preclude initiation of tro-
phic feeding. Depending on the weight of the infant, we start
with 10-30 mL/kg/day (10 mL/kg/day if weight <1250 g;
20 mL/kg/day if weight 1250-1800 g; 30 mL/kg/day if
weight >1800 g) given as bolus feedings every 3 h. This
small quantity of nutrition in the GI tract is considered tro-
phic, but could more aptly be referred to as “medication for
the gut” as it minimizes villous atrophy, stimulates release of
enteric hormones, promotes intestinal perfusion, enhances
the mucosal barrier, and improves overall gut function. We
continue trophic feedings for the first few days of life before
slowly advancing the rate, depending on the infant’s weight
and clinical condition. Feedings in preterm infants are not
rapidly advanced to full feedings but rather are gradually
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increased in volume over the first 7-10 days of life, remaining
vigilant for signs of ileus or necrotizing enterocolitis.

Oral feeding is the goal for all infants. However, prema-
ture infants less than 34 weeks gestation do not generally
have a mature and coordinated suck and swallow. Feedings
must therefore be provided enterally by gavage, either as
bolus feedings every 2-3 h or continuously by feeding pump.
We favor the nasogastric route unless the infant is on nasal
CPAP. Most infants develop an ability to feed orally by 34
weeks gestational age, and gavage feeding is almost invari-
ably necessary to provide enteral nutrition in the extremely
premature infant. Oral aversion can be a late consequence,
characterized by thrusting the tongue, turning the head away,
or pooling milk in the mouth. The prolonged absence of oral
stimulation in infants who are unable to be fed orally or
excessive oral stimulation such as occurs with mechanical
ventilation can lead to an orally averse child. Encouraging
oral stimulation is important even if the infant relies on tube
feedings. Early involvement of a speech therapist or feeding
team is often helpful in interrupting what can be a long-term
feeding problem.

Short Bowel Syndrome

Pediatric short bowel syndrome, defined as insufficient intes-
tinal length to achieve adequate nutrient absorption, can be a
catastrophic consequence of necrotizing enterocolitis, midgut
volvulus, extensive inflammatory bowel disease, jejunoileal
atresia, gastroschisis, or very long-segment intestinal agangli-
onosis. A combination of parenteral and enteral nutrition is
used in the treatment of patients with short bowel syndrome.
Unfortunately, infants are particularly susceptible to paren-
teral nutrition-associated liver disease (PNALD), which may
be ameliorated by transition to enteral feedings. Unfortunately,
the injury associated with the cholestasis created by long-
term parental nutrition can lead to chronic, progressive liver
disease and hepatic failure.

Early enteral nutrition promotes intestinal adaptation in
patients with short bowel syndrome. It is unlikely that hepatic
dysfunction will be completely avoided, as liver injury can
be identified with even short courses of parenteral nutrition
(>14 days). Nonetheless, intestinal adaptation is the ultimate
goal, with eventual transition to full enteral feeding when
possible. Trophic feedings should be initiated within 24—48 h
of surgical treatment. Initially, continuous feedings in infants
and children with short bowel syndrome are better tolerated
than bolus feedings, although transition to bolus feedings is
appropriate when 50 % of daily nutrition can be tolerated
enterally. Feedings should advance if the patient is not expe-
riencing vomiting (>3 times/day) and stool volume remains
less than 50 mL/kg/day.
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With initiation of enteral feedings, watery diarrhea in excess
of the enterally administered volume is a common complica-
tion. Gastric hypersecretion is an early physiologic response to
extensive small bowel resection and treatment of this complica-
tion of short bowel syndrome includes H, antagonists or proton
pump inhibitors. Antimotility agents, including loperamide,
diphenoxylate with atropine, and even opioid-based drugs
(codeine, morphine, paregoric tincture of opium), can be used to
slow the intestinal hypermotility associated with the increased
osmotic load, likely fat malabsorption, and gastric hypersecre-
tion. Choleretic diarrhea may be seen after extensive resection
of the ileum as bile salts enter and irritate the colonic mucosa.
This diarrhea may be lessened by the addition of abile salt-bind-
ing agent such as cholestyramine.

The clinician needs to be aware of the long-term problems
associated with vitamin, particularly fat-soluble vitamin, mal-
absorption in infants, and children with chronic short bowel
syndrome. Supplemental vitamins and trace elements may
need to be provided enterally or parenterally if enteral supple-
mentation is insufficient. Even with aggressive medical man-
agement of short bowel syndrome, introduction of enteral
feeding requires strict measurement of input and output,
adjustments of feeding schedules, and frequent formula modi-
fications, as some children may need a component-based for-
mula with amino acid substrate and a higher concentration of
MCT as a fat source.

The Critically Il Child

The resting energy expenditure of the otherwise healthy child
with surgical or medical illness approximates the energy
expenditure of the healthy active child. The normal calorie,
protein, and fat requirements are not significantly changed.
However, certain injuries and metabolic states do increase the
catabolic response and energy requirements in children.
Children with severe burns, sepsis, or closed head injury with
traumatic brain injury have especially higher energy require-
ments. In those instances, the basal metabolic rate may be
increased by 150-200 % of predicted and the clinician needs to
deliver this additional energy either parenterally or enterally.
The malnourished child is also at increased risk for mor-
bidity during acute illness. In critically ill children, malnutri-
tion is associated with increased risk-adjusted mortality as
well as prolonged ICU length of stay. With the goal of initi-
ating enteral nutrition early in the ICU, the clinician fre-
quently finds that the ideal way of judging a patient’s ability
to tolerate feedings is an uncertain science. Gastric residual
volume is a common variable used to determine tolerance of
enteral nutrition. It should be stressed that a single high gas-
tric residual volume is not a reason to stop enteral feedings,
while repeated high residuals may indicate delayed gastric
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emptying. Specific residual volumes (>5 mL/kg or >50 % of
the volume fed) have not been rigorously shown to place the
patient at increased risk of vomiting or aspiration. Evidence
suggests that the risk of aspiration is similar with small or
moderate residuals and therefore holding feedings unneces-
sarily interrupts enteral nutrition support. While a potentially
important variable, gastric residual volume by itself should
not stop feeding without additional clinical information. In
some centers, gastric residuals are felt to be such an impedi-
ment to continuing enteral feeding that some authors argue
they should not even be measured. While many intensivists
favor holding feedings based on gastric residual volume,
others feel that continued feeding in the face of a high gastric
aspirate is tolerated, does not significantly increase aspira-
tion risk, and may shorten hospital stay.

We prefer to use gastric residual volume data in combina-
tion with clinical signs and symptoms (vomiting, abdominal
distention, diarrhea, evidence of aspiration) to determine if
enteral nutrition should be adjusted. If the measured gastric
residual volume remains consistently high, we consider adding
a prokinetic agent or passing a transpyloric tube. Without evi-
dence-based data, it is difficult to determine which approach is
best. However, it appears that a protocolized approach to
enteral nutrition in the ICU results in more consistent care of
critically ill infants and children and leads to better outcomes.

Enteral Access

When the oral route is unable to be used for enteral nutrition,
alternate methods of access need to be considered. Which
method is best depends on the child’s clinical condition, the
underlying disease process, and the anticipated duration of
need. Choosing the best mode of enteral access for a given
patient requires an understanding of the risks and benefits of
each approach (Table 4.3). Temporary access is most easily
achieved with an NG or transpyloric feeding tube. These
tubes are easily placed and can be used for up to 1-2 months.
However, they carry the risk of irritation or even erosion of the
nostril, sinusitis, and gastroesophageal (GE) reflux. While

Table 4.3 Choosing the best route for enteral access

Benefits

Nasal route (NG/NJ) Bedside procedure

Anesthesia not required

Gastric access (NG/GT)
More physiologic

Jejunal access (NJ/GJ/JT)

Ability to bolus feed

Okay with severe GERD or DGE

D.P. Doody and A.M. Goldstein

bolus feedings can be administered through a NG tube,
transpyloric tubes require continuous feedings but may benefit
patients with severely delayed gastric emptying, gastroesopha-
geal reflux disease (GERD), or poor airway protection.

The surgeon is consulted when reliable long-term enteral
access is needed for nutrition or administration of medica-
tions. The need for chronic enteral access may be due to
underlying diseases such as congenital heart disease, chronic
newborn lung disease, cystic fibrosis, or chronic renal failure.
Children requiring specialized diets that are unpalatable may
also benefit from feeding access. Severe dysphagia or oropha-
ryngeal discoordination in a neurologically impaired child or
in a child with a severe craniofacial anomaly may greatly
complicate oral feeding and be an indication for surgical
enteral access. There are occasional pediatric patients with
such profound gastric dysmotility or severe refractory GE
reflux that jejunal access may need to be considered. Children
who have failed multiple fundoplications, usually children with
severe neurological impairment, could also benefit from jejunal
feeding. Finally, children with chronic failure to thrive, often
without an identified etiology, often need definitive enteral
access.

4.1.1 Gastrostomy

Long-term enteral access can be achieved by a gastrostomy
tube (GT), jejunostomy tube (JT), or gastrojejunostomy (GJ)
tube. Feeding the stomach, as opposed to the small intestine,
has several advantages. Gastric feeding is more physiologic
and thus leads to normal stimulation of pancreatic and biliary
secretions. Additionally, bolus feedings can be administered
into the stomach, whereas continuous feedings must be used
in the small bowel, leaving a child attached to a pump for
most of the day. Prior to placing a GT, one should consider
whether a fundoplication is indicated. In the neurologically
impaired child with reflux and poor airway protection, sur-
geons have traditionally advocated for concomitant fundo-
plication. Based on recent data and our own experience, we
do not routinely perform a fundoplication in these patients,

Risks

Sinusitis

Nasal septum erosion

Limited to <4 weeks duration
Exacerbation of GERD

Not effective with severe gastroparesis
Aspiration pneumonia

Tube displacement (NJ and GJ)
Requires continuous feedings

DGE delayed gastric emptying, GERD gastroesophageal reflux disease, GJ gastro-jejunal, GT gastrostomy tube, NG nasogastric, NJ nasojejunal,

JT jejunostomy tube
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although we explain to the family that a fundoplication may
become necessary in the future. In children with significant
GE reflux based on symptoms or objective testing, a fundo-
plication should be seriously considered at the time of GT
insertion. Many pediatric surgeons routinely obtain a preop-
erative upper GI contrast study prior to GT placement.
Recent evidence does not support this practice and we no
longer recommend it.

GTs can be placed open, laparoscopically, endoscopically
(percutaenous endoscopic gastrotomy (PEG), or percutane-
ously under fluoroscopic guidance. All of these approaches
are acceptable, although we favor the laparoscopic technique
as it allows safe and precise placement of the tube through
the anterior gastric antrum along the greater curve, avoiding
the occasional overlying transverse colon. This position min-
imizes distortion of the angle of His and permits future fun-
doplication if needed usually without the need to reposition
the gastrostomy. While PEGs are generally safe and mini-
mally invasive, they are associated with a 1-2 % risk of colon
or liver injury, particularly in older children and young
adults, in whom the abdominal wall is thicker and visualiza-
tion of the liver border may be more difficult. The position of
the tube on the stomach wall is also less predictable, poten-
tially exacerbating reflux and chronic discomfort at the site.

In the laparoscopic approach, we place two ports, with the
camera at the umbilicus and a grasper at the site of the
planned GT. The anterior stomach wall is grasped with 2-0
PDS sutures on either side of the future GT site. These
sutures are passed through the anterior abdominal wall, ante-
rior wall of the stomach close to the junction of the body and
antrum of the stomach, and back out through the anterior
abdominal wall. In larger children with thicker abdominal
walls, T-fasteners can be used.

Next, after the anesthesiologist has insufflated the
stomach with air via an orogastric tube, a Cook Dilator
Set (Model G10397) is used to place a needle and wire
into the stomach. The tract is sequentially dilated over the
wire until the 20 Fr. dilator is passed. The gastrostomy
appliance is placed over the wire. If practical, we prefer to
use a gastrostomy button, with the length based on mea-
suring the thickness of the abdominal wall. The 8 Fr Cook
dilator is placed through the gastrostomy device to stiffen
it and allow it to be advanced over the wire. The PDS
sutures are tied down over the GT button. Feedings can be
initiated 6 h after the procedure and the “holding stitches”
removed the following day. We typically do not use endos-
copy for this procedure, but this can be added as an adjunct
to facilitate gastric insufflation and visualization. In chil-
dren <2.5 kg, we prefer to do an open gastrostomy, plac-
ing a Malecot tube, which can be replaced with a
low-profile gastrostomy button once the tract is mature
and the infant or child is large enough to accommodate
the balloon in the gastric lumen.
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The most common complications of gastrostomy devices
include the development of granulation tissue and accidental
tube dislodgement. Granulation tissue is very common and
can lead to discomfort at the site, drainage, and bleeding. The
granulation tissue can be treated with chemical cauterization
using silver nitrate. Alternatively, triamcinolone cream can be
applied to the tissue 2-3 times daily for 10—14 days. If the tube
falls out, it needs to be replaced immediately, as the opening
can close quickly and require dilation of the tract. Following
replacement of the tube, especially if it falls out within the first
few weeks of placement, proper position should be confirmed
either by aspirating gastric contents or by performing a con-
trast study through the tube.

4.1.2 Jejunostomy

Jejunal feedings are generally reserved for children who
have failed gastric feeding, often because of severe GERD or
markedly delayed gastric emptying. Jejunal feeding is less
physiologic than gastric feeding and does not allow for bolus
administration of feedings. Two options exist for jejunal feed-
ing, JT or GJ tube. A GJ tube can be positioned through an
existing gastrostomy site either endoscopically by a surgeon
or gastroenterologist or fluoroscopically by an interventional
radiologist. Primary placement of a GJ with laparoscopy
alone is difficult, as navigating a thin tube through the pylo-
rus, around the C-loop of the duodenum, and into the proxi-
mal jejunum is not easily performed with this technique.
Primary GJ tube placement therefore usually needs to be per-
formed as an open procedure or with an adjunct like fluoros-
copy or endoscopy.

The benefits of a GJ tube include the ability to position it
without requiring general anesthesia and the potential to decom-
press the stomach while simultaneously feeding the jejunum.
Common drawbacks, however, include the risk of clogging the
lumen of the long jejunal limb and the frequent migration of the
jejunal portion of the tube back into the stomach, necessitating
replacement.

We favor placement of a primary JT in those patients who
cannot tolerate GT feedings and will require prolonged
enteral access with the expectation that gastric function will
not recover for some time. Several operative techniques exist,
including the standard Witzel tube, direct insertion into the
small bowel, or a Roux-en-Y jejunostomy (Fig. 4.1). These
are associated with multiple risks, including narrowing of the
intestinal lumen, intussusception, volvulus, leakage, and
anastomotic dehiscence.

In order to limit the potential complications associated
with traditional JT procedures, our preferred approach is to
create a “chimney” jejunostomy (Fig. 4.2). The procedure
starts laparoscopically, with an umbilical port for the laparo-
scope and two additional ports, one in the right mid-
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Fig.4.1 Roux-en-Y feeding jejunostomy. After dividing the proximal
jejunum, the proximal end is sewn end to side to the distal limb, and a
low-profile gastrostomy button is placed into the open distal limb of the
jejunum (Courtesy of Lily Cheng, MD, University of California San
Francisco, Department of Surgery)

abdomen (at the site of the planned JT) and the other in the
mid-epigastrium. A segment of proximal jejunum is
selected and a marking stitch placed. The epigastric port site
is extended to a 2 cm vertical incision and the marked seg-
ment of bowel folded on itself. An antimesenteric enterot-
omy is made and a stapler is used to join together the two
limbs into a common reservoir which can accommodate the
JT balloon without obstructing the flow of enteral contents.
After a purse-string suture is placed, the proper size button
device is introduced through the right-sided port site and
advanced into the enterostomy. The balloon is inflated and
the purse string secured. The jejunal limb is secured to the
anterior abdominal wall and the midline fascia is closed.
Feedings are started the following day.

Summary
Pediatric surgeons must have a solid understanding of the

nutritional needs of their young patients and how those needs
change based on the child’s age and their overall condition.

D.P. Doody and A.M. Goldstein

The importance of maintaining adequate enteral nutrition in
children cannot be overestimated.

Meeting the nutritional requirements of surgical patients
with unique needs, such as short bowel syndrome, critical ill-
ness, or chylous ascites/chylothorax, is critical and the pediat-
ric surgeon also plays an especially important role in managing
these conditions. Finally, the pediatric surgeon plays a central
role in determining the optimal means of accessing the gastro-
intestinal tract in children unable to achieve adequate enteral
nutrition orally.

Editor’'s Comment

Ensuring that your patients are adequately nourished is critical
to maintaining good surgical outcomes. It is critical that insti-
tutions develop evidence-based protocols to ensure minimal
disruption and variation. A PEG is an acceptable option when
done under laparoscopic guidance. There is no reason to do a
PEG blindly and risk a liver or colon injury. PEGs are less
appealing for most families because there is a long-stemmed,
stiff tube present on the abdominal wall for 2-3 months. And
removal of a PEG at the first tube change is traumatic for the
child. The Malecot tube is not stable because it does not have
a balloon and is thus prone to dislodgement. If an open G-tube
is necessary, a long-stemmed, balloon-tipped G-tube is a much
better alternative.

The child with functional intestine who needs supplemen-
tal nutrition should be given enteral feedings. This can be by
nasogastric, nasoduodenal (post-pyloric), or nasojejunal tube
or by gastrostomy, gastrojejunostomy, or jejunostomy tube.
This is preferable to parenteral nutrition because of the lower
risk of hepatic dysfunction, DVT, and line sepsis. Feedings
are usually given as gastric boluses, which are thought to be
more physiologic, though children tolerate continuous feed-
ings well and can be more practical. Giving bolus feedings
during the day and continuous at night is often more conve-
nient for parents, and the night feedings allow more calories
to be given. The disadvantages of continuous feedings include
the need for a pump, being tethered by the feeding tube, and
the risk of formula spoilage.

Some like to overcomplicate the process of advancing
feedings with elaborate rules and restrictions that border on
superstitions (gastric residuals, abdominal girth). Enteral
feedings are usually advanced very gradually in preemies
because rapid feeding advancement might provoke NEC. For
most other children, feedings can be advanced as tolerated,
meaning without pain, reflux, or diarrhea. Which formula,
how much, and by what route should be agreed upon and
then feedings started at one quarter to one half of the goal
rate. Some prefer to start with a glucose-electrolyte solution
or diluted formula, but these should be switched to an appro-
priate full-strength formula as soon as possible. Advancing
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Fig. 4.2 “Chimney” jejunostomy. A portion of proximal jejunum is
selected (a) and a stapler deployed through an antimesenteric enterot-
omy (b), creating a reservoir that can accommodate a balloon-type but-
ton and allow easy passage of enteral contents (¢). The procedure is

all the way to goal volume with anything other than formula
makes little sense, except perhaps in the rare case of the child
who is at risk for dehydration and has no intravenous access.
In infants, the goal rate for hydration is about two thirds of
the goal for calories. A reasonable regimen is to start with
one third volume feedings and then advance to two thirds
and then full feedings every 8, 12, or 24 h, depending on how
quickly the child is expected to tolerate it.

About half of goal volume can be given at night as con-
tinuous feedings. The key is that the child must be assessed
for reflux, discomfort, abdominal distension, and watery diar-
rhea at every step. It is dangerous to put the schedule on auto-
pilot. Gastric residuals and abdominal girths are generally not
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performed with laparoscopic assistance and a short vertical midline
incision, as shown in this teenage patient (d, ruler on right in centime-
ters) (Courtesy of Lily Cheng, MD, University of California San
Francisco, Department of Surgery)

very useful in assessing feeding tolerance. Children with
intestinal failure or gastroschisis are at risk for malabsorption
and do not tolerate rapid feeding advancement. It is useful to
start with continuous feedings and then gradually consolidate
the feedings into boluses after full volume is achieved. Many
start with a very small rate (5 mL/h or less) and then advance
by 1 mL/h/day, as long as stool output is less than 15 mL/kg/
shift (45 mL/kg/day). More than this and fluid and electrolyte
abnormalities become difficult to manage. If there is profuse
diarrhea, feedings should be stopped for at least 8 h and then
restarted at the last rate that was tolerated. Children with
proximal high-output stomas can be re-fed the effluent through
a mucous fistula, in which case the only output that matters is
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the actual (more distal) stool output, but this can be extremely
difficult and labor intensive for bedside providers.
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Parenteral Nutrition

Amy Hood and Susan S. Luskin

Parenteral nutrition (PN) is an important tool for the pediatric
surgeon and should be considered only when the enteral or
oral routes are not available. For a malnourished, undernour-
ished, or at-risk patient (many neonates), PN should be initi-
ated in as soon as 2-3 days without food intake; in contrast,
one may wait as long as 7 days in a well-nourished teenager
or older child. For the malnourished patient, PN may be con-
sidered for 1-2 weeks in preparation for elective surgery
since a well-nourished patient is less likely to have fewer
complications and infections and more likely to recover
without negative surgical outcomes. The goal of periopera-
tive PN is to minimize the adverse effects of catabolism,
which is a natural reaction to stress and inflammation, and to
promote wound healing. The goal of long-term PN is to pro-
mote proper growth and development and to avoid or mini-
mize complications. PN is optimally delivered in consultation
with a multidisciplinary team, including nutritionists, nurses,
pharmacists, and physicians.

Nutrition Assessment

Historically, pediatric malnutrition was thought to be a prob-
lem only in developing countries. In recent years, it is being
recognized among hospitalized infants and children in devel-
oped nations as a consequence of acute and chronic illness.
Malnutrition or poor nutritional status may lead to complica-
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tions such as poor healing, wound dehiscence, and increased
length of hospital stay. As there is no universally accepted
definition of pediatric malnutrition, prevalence is difficult to
define but has been cited as occurring in up to 60 % of
hospitalized children.

As underlying nutritional status plays a role in determin-
ing the timeframe for initiation and advancement of nutrition
support, it is imperative that the patient be assessed by or in
conjunction with a registered dietitian who has neonatal or
pediatric experience. This includes a thorough review of
growth history, including length- or height-for-age, weight-
for-age, weight-for-length or body mass index (BMI)-for-
age, and head circumference (for those less than 36 months
of age). Current recommendations suggest using weight gain
velocity, weight loss, actual z-scores, change in z-scores over
time, and the degree of deviation from population median
(negative z-score) to define pediatric malnutrition. With the
exception of prematurity, in which Fenton or Olsen charts
are routinely used to document growth, current recommen-
dations are to use the World Health Organization growth
charts for infants and children <2 years of age and the Centers
for Disease Control and Prevention charts for children and
adolescents 2-20 years of age. Mid-upper arm circumfer-
ence may also be a useful tool for determining nutritional
status, particularly in patients for whom an extensive growth
history is unavailable or when weight may not be a reliable
indicator (liver failure, renal failure, edema, steroid use).

Nutrition Requirements

The determination of nutrition requirements for neonatal and
pediatric patients should be individualized. This includes
evaluation of the patient’s current anthropometrics, growth
history, age, clinical status, and overall goals as defined by a
multidisciplinary team. An experienced pediatric registered
dietitian is instrumental in helping the team determine appro-
priate calorie, protein, and fluid goals.
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Table 5.1 Potential candidates for indirect calorimetry

Parameter Specific indicator

Weight Underweight: BMI-for-age or weight-for-length <5th percentile
Overweight/obese: BMI-for-age >85th percentile
Weight change: gain or loss of >10 %

Respiratory Failure to wean or need to escalate respiratory therapy, requires mechanical ventilation for
>7 days

Hypermetabolism Status epilepticus, dysautonomic storms, SIRS, hyperthermia

Hypometabolism Pentobarbital/midazolam coma, vecuronium, hypothermia

Diagnosis Burns/thermal injury, oncologic diagnosis (including bone marrow transplantation or
BMT), neurologic trauma (traumatic, hypoxic and/or ischemic)

Adapted from: From Mehta NM, Compher C and A.S.P.E.N. Board of Directors. A.S.P.E.N. Clinical Guidelines: Nutrition Support of the Critically
111 Child. JPEN J Parenter Enteral Nutr. 2009; 33: 260-276, reprinted with permission

Calories

In general, calories (energy) from PN should be approxi-
mately 10 % less than from enteral nutrition (EN) in order to
account for the calories required for digestion and absorp-
tion. In order to avoid complications from overfeeding or
underfeeding, astute attention to energy needs throughout
the course of illness is required. The most accurate method
for determining energy requirements and thus optimizing
nutrition, especially during acute illness, is indirect calori-
metry. Indirect calorimetry can be particularly helpful for
determining energy needs among specific patient populations
(Table 5.1). When indirect calorimetry is not available or not
feasible (weight <8-10 kg, chest tube in place with air leak,
oscillating ventilator), equations to determine estimated rest-
ing energy expenditure (REE) or basal metabolic rate (BMR)
may be used. The WHO and Schofield equations are the most
widely used to calculate REE or BMR, respectively. An
exception to this is for preterm and term neonates for whom
the initial goal is to provide 90—110 kcal/kg/day from PN.

Protein

Current literature suggests that administration of amino acids
(AA) should be initiated at goal on day 1 of PN (Table 5.2),
unless limited by fluid restriction or significant azotemia (BUN
>80 g/dL) associated with acute renal failure or acute kidney
injury. Early administration of AA approximating 3 g/kg/day
in very low birth weight (VLBW) preterm infants has been
associated with improved growth at 36 weeks gestation, and it
is common to aim for a goal of 3—4 g/kg protein (or approxi-
mately 15 % total calories) daily in the surgical neonate, par-
ticularly if born prematurely. A minimum of 1.1 g/kg/day
protein is recommended to prevent catabolism in neonates.

Table 5.2 Parenteral protein requirements in pediatric patients

Pediatric classification Protein
Premature infant 3—4 g/kg/day
0-2 years 2-3.5 g/kg/day
2-13 years 1.5-2.5 g/kg/day
13-18 years 1.5-2 g/kg/day

Crystalline amino acids are the primary parenteral protein
source. TrophAmine® (B. Braun Medical) is recommended
to meet the specific amino acid requirements from birth to 12
months of age. It mimics the amino acid profile of human
milk for a healthy, term infant. Cysteine is not a routine com-
ponent of amino acid solutions, but may be added at a dose
of 30—40 mg per gram of AA for preterm infants and term
infants up to 6 months of age as it is conditionally essential
for these populations; of note, its addition limits the ability to
administer intravenous fat emulsion (IVFE) through the
same line, due to its acidity and propensity to break down the
fat emulsion.

Carbohydrate

Dextrose monohydrate is the primary source of calories in
PN. Formulas generally provide 50-55 % of total calories
from carbohydrate. Initiation, advancement, and maximum
glucose infusion rate (GIR) are dictated by the patient’s age,
weight, and clinical status. Neonates may be initiated at a
GIR of 6-8 mg/kg/min (or as needed to maintain an age-
appropriate blood glucose, avoiding hypo- and hyperglyce-
mia) and advanced daily by a GIR of approximately 2 mg/
kg/min, as tolerated, until goal is reached. For older infants
and children, one may regularly start with dextrose 10 % and
advance by dextrose 2.5-5 %, or a GIR of approximately
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2-2.5 mg/kg/min, until goal is achieved. It is imperative to
avoid overfeeding and hyperglycemia, which impairs wound
healing, increases the risk of wound infections, and length-
ens the ICU stay. Recent studies suggest serum glucose lev-
els between 80 and 150 mg/dL as an optimal target. Insulin
is rarely added to pediatric PN, but may be provided as a
separate infusion to optimize blood glucose levels while
avoiding hypoglycemia.

Fat

Unless severely limited by volume and the need to provide
an adequate GIR for the pediatric patient, IVFE may be initi-
ated on the first day of PN administration. The goal of IVFE
administration is to provide a source of calories as well as
essential fatty acids to avoid essential fatty acid deficiency
(EFAD). The only commercially available lipid product in
the USA is a soybean oil-based product (Intralipid). It is
typically administered as a separate infusion starting with
1 g/kg/day and advancing by 1 g/kg/day, as tolerated, to goal
lipid dosage, which is generally 30 % (25-35 %) of total
calories. The maximal infusion rate for lipids in neonates is
0.17 g/kg/h and for older infants and children 0.15 g/kg/h.
(Many institutions filter IVFE with a 1.2 pm filter to remove
particulates.) A mixture of olive oil and soybean oil emul-
sions (Clinolipid®) in a 4:1 ratio is also available in the USA
but is not indicated for use in children. SMOFlipid® (a mix-
ture of soybean oil, medium chain triglycerides, olive oil,
and fish oil) is in clinical trials in the USA. In addition,
Omegaven® is available for special circumstances.

Levocarnitine, an amino acid required for transporting
fatty acids into the mitochondria for oxidation, is added to
neonatal PN at a low dose (5 mg/kg/day). It may be started on
the first day of PN, if no enteral source is provided. If blood
triglycerides (TG) exceed 200 mg/dL in an infant or young
child or 400 mg/dL in an older child or adolescent, the
levocarnitine dose may be increased to 10-20 mg/kg/day (or
higher) to improve lipid tolerance. In some cases, IVFE may
be discontinued temporarily if TG levels continue to be ele-
vated; lipid restriction to approximately 1 g/kg/day in the set-
ting of cholestatic jaundice is common practice and considered
the standard of care at this time. In general, EFAD develops in
approximately 1-2 weeks if lipids are not administered, but
can manifest sooner (3—5 days) in neonates. In order to pre-
vent EFAD, IVFE 0.5-1 g/kg/day should be provided.

Fluids

When determining daily maintenance fluid requirements
for a pediatric patient, one may use the Holliday-Segar
method: 100 mL/kg for the first 10 kg of weight, followed by
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50 mL/kg for the next 10 kg (10-20 kg), and 20 mL/kg for
every kg over 20 kg. The exception is preterm neonates who
will likely require 140-150 mL/kg/day by day of life 5 in
order to meet fluid requirements. One must also take into
consideration ongoing losses (NG suction, diarrhea, frequent
emesis, large amount of secretions) when establishing fluid
goals. It is also imperative to take into account all sources of
fluid. Patients in the ICU setting may receive a large percent-
age of their daily fluid goals from medications (fentanyl,
midazolam, IV antibiotics); these must be taken into account
when recommending PN fluid goal. In addition, certain
patients, such as those with congenital heart disease in
the immediate postoperative period, may require significant
fluid restriction. In this case, optimize nutrition support
within the fluid allocation and maximally concentrate or
eliminate medications or lines as clinically warranted.

Electrolytes

When dealing with neonates or infants, initial PN should
mimic human milk as much as possible. For the teenager,
PNs are similar to adult PNs in terms of composition. For
children, the evidence is less clear and one may start with
additives that resemble both an infant and adult PN. Most
institutions will dose electrolytes based on weight (mEq/kg)
until the child’s weight is between 30 and 40 kg; once this
weight is attained, adult doses are used. When trying to esti-
mate initial requirements, using the current intravenous flu-
ids as an initial guide is reasonable. For example, if a patient
is receiving 1.5 L daily of D 5 %, NaCl 0.45 % with KCl
20 mEq/L, and the basic metabolic profile (blood chemis-
tries) is within normal limits, it is reasonable to start the
PN with the equivalent of NaCl 0.45 % with potassium
30 mEq/L, assuming the PN dextrose concentration will be
greater than dextrose 5 %. After the initial PN, additives are
adjusted according to lab results (Table 5.3).

With neonates and infants, it is critical to remember that
sodium is essential for growth, and maintaining blood levels
within the normal range is very important. The initial sodium
in a neonatal or infant PN should be approximately 2 mEq/
kg/day, or higher if the patient is requiring extra sodium in
current intravenous fluids, and is likely to advance to a total
of 4-5 mEq/kg/day to promote adequate growth and main-
tain normal serum sodium. NaCl 0.2 % is a good starting
point for infants or children without sodium losses (no
significant diarrhea, emesis, or gastric suction); older pediat-
ric patients should receive NaCl 0.45 % or higher. For
patients with a chylothorax, especially if chest tube place-
ment is required for drainage, the sodium requirement may
approach NaCl 0.9 % (154 mEq/L), depending on amount of
output and comorbidities. Once started, sodium in the PN is
adjusted to keep serum levels within the normal range, and,
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Table 5.3 Daily PN electrolyte requirements in the pediatric patient

A.Hood and S.S. Luskin

Electrolyte Preterm neonates Infants/children Adolescents and children >50 kg
Sodium 2-5 mEq/kg 2-5 mEq/kg 1-2 mEq/kg

Potassium 2-4 mEq/kg 2-4 mEq/kg 1-2 mEq/kg

Calcium 2-4 mEq/kg 0.5-4 mEq/kg 10-20 mEq/day

Phosphorus 1-2 mmol/kg 0.5-2 mmol/kg 10-40 mmol/day

Magnesium 0.3-0.5 mEq/kg 0.3-0.5 mEq/kg 10-30 mEq/day

Acetate As need to maintain acid-base balance

Chloride As need to maintain acid-base balance

Source: Adapted from Task Force for the Revision of Safe Practices for Parenteral Nutrition, Mirtallo J, Canada T, Johnson D, et al. Safe practices
for parenteral nutrition. Journal of Parenteral and Enteral Nutrition, Vol. 28, Issue 6, pp. 39S-70S, © 2004. Reprinted by permission of SAGE

Publications

with occasional exceptions, low serum sodium levels are due
to lack of sodium as opposed to fluid overload. Changes in
sodium in the PN should reflect total sodium concentration
(e.g., NaCl 0.2 % to NaCl 0.45 %), with the exception of
neonates, infants, and small children, where 1-2 mEq/kg/day
changes in sodium content are reasonable.

A good starting point for potassium is 1-2 mEq/kg for
neonates (once urine output is established) and infants and
30 mEq/L (between 1 and 2 mEq/kg/day) for older children,
unless they are already requiring additional potassium or
have significant losses (GI suction, emesis, hyperglycemia
exceeding renal threshold, furosemide therapy). Changes in
potassium content should be in 0.5-1 mEq/kg/day incre-
ments for younger children and 10-20 mEq/day increments
for older children to avoid hyperkalemia; the changes will
depend on the rate and degree of changes in serum levels, the
child’s weight, and the need for supplementation outside the
PN. For adult-sized children who are not obese, a general
rule of thumb is that for every 10 mEq of potassium admin-
istered, the blood level will increase by 0.1. It is important to
remember that hospitalized, well-monitored children do not
die of hypokalemia, but they may die due to arrhythmias
associated with hyperkalemia.

Regarding calcium, neonates and infants require at least
2 mEq/kg/day for adequate bone accretion. Older children
and adolescents should receive calcium gluconate
10-20 mEqg/day. Calcium content may be limited by physi-
cal compatibility with phosphate in the PN, particularly if
PN volume is limited. PN formulations are made with cal-
cium gluconate, which requires de-conjugation in the liver; it
is chosen over calcium chloride because it is less reactive
(much less likely to form calcium-phosphate precipitates)
in the PN solution. Many institutions will not administer
calcium peripherally, but dilute concentrations such as those
in PN may safely be administered.

For magnesium, a good starting place is 0.3 mEq/kg/day
for nearly all patients. In neonates and young children,
changes of 0.1 mEq/kg/day are reasonable. For older patients,
doses should generally be rounded to the nearest /2 gram and
changed in 21 g (4-8 mEq) increments. With the exception

of the cardiac patient, hypomagnesemia does not pose
significant risk in the short term, and the primary problem is
its association with hypokalemia (without adequate magne-
sium, the renal tubule will not resorb potassium).

A reasonable initial dose for phosphate is 0.5-1 mMol/kg/
day (or, if dosing on volume, 15 mMol/L). Changes of
0.3 mMol/kg/day are suggested if more or less phosphate is
needed to keep blood levels within normal levels; for older
patients, changes of 7.5-15 mMol/day are reasonable. Phos-
phate is essential for energy metabolism and bone formation.

For the anions, most pediatric patients will receive chlo-
ride salts, including patients with pyloric stenosis, frequent
emesis, or NG tubes to suction. Patients with diarrhea or
lower gastrointestinal losses (Crohn’s disease, ulcerative
colitis, fistulas, ostomies, short gut syndrome), those in the
immediate postoperative period, or those with renal dysfunc-
tion will require some, if not all, acetate in the PN. In gen-
eral, acetate and chloride are added to the PN in amounts to
balance the cations. In other words, the amount of cations the
patient will require is calculated and then divided among
the anions (chloride, acetate, and phosphate) according to
the estimated needs. If providing “base” or “buffer,” most
patients will require acetate 1-2 mEq/kg/day, with excep-
tions as noted above. Keep in mind that a secondary hyperal-
dosteronism due to the adrenal aldosterone response to
dehydration and fluid loss will also influence fluid choice
and makes the selection of chloride-containing fluids more
likely.

Formulation (Calculations, Physical Traits,
and Limitations)

Creating an initial PN formulation requires knowledge of the
available components for PN. For the neonate and children
up to 6 months of age (and potentially up to 12 months cor-
rected age), TrophAmine® or another amino acid product
that is similar to human milk is the preferred protein source.
It comes as a 10 % (10 g/100 mL) solution. For older chil-
dren, most pharmacies use either a 15 % (15 g/100 mL) or
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Table 5.4 Parenteral trace element requirements according to age

Trace element Premature neonates (pg/kg/day)

Zinc 400-500
Copper 20
Manganese 1
Chromium 0.05-0.2
Selenium 1.5-3
Iodine 1 pg/day

4

Term infants (pg/kg/day)
250 (<3 months old)
50 (>3 months old)

Children (pg/kg/day)
50 (max =5 mg/day)

20 20 (max =500 pg/day)
1 1 (max =50 pg/day)
0.2 (max =35 pg/day) 0.2 (max=>5 pg/day)
1-3 1-3 (max =100 pg/day)
1 pg/day 1 pg/day

Source: Data from Vanek VW, Borum P, Buchman A, et al. A.S.P.E.N. Position Paper: Recommendations for Changes in Commercially Available
Parenteral Multivitamin and Multi-Trace Element Products. Nutr Clin Prac. 2012; 20(5): 1-52

10 % (10 g/100 mL) amino acid solution. Dextrose is
available as a 70 or 50 % solution. Most institutions use
IVFE 20 % (20 g/100 mL).

To calculate calories, each gram of protein (amino acids)
provides 4 kcal; for dextrose, it is 3.4 kcal/g; for fat (IVFE or
lipids), IVFE 20 % (in the USA, Intralipid 20 %) is most
commonly used in the pediatric population, and it provides
10 kcal/g or 2 kcal/mL; if the lipid is a 10 % solution, it is
11 kcal/g or 1.1 kcal/mL due to the glycerol (just as with
propofol).

For total nutrient admixtures (TNA or 3-in-1 PNs, indi-
cating that the IVFE or lipid is added to the bag), the product
should contain at least AA 4 %, dextrose 10 % and fat 2 % in
the final concentration to ensure stability of the PN.

To make the formulation, the first decision is dosing
weight, which should be a “dry weight,” admission weight,
or usual body weight. For neonates, the dosing weight should
be their birth weight for at least the first 7-10 days of life.

The second decision is how much energy and protein the
neonate, infant, or child will need. (Again, this is best done
in consultation with a registered dietitian or nutritionist qual-
ified to evaluate the patient.)

The third decision is the total daily volume. The majority
of patients may receive maintenance fluids through the PN,
and some may receive 1.2—1.5 times maintenance, if needed,
to keep blood pressure at desired levels or to replace ongoing
losses. For situations in which fluid restriction is required,
most PN solutions can be concentrated.

Finally, vitamin and trace elements should be provided.
For infants and children less than 2.5 kg, 2 mL/kg of pediat-
ric multivitamin is provided. For those >2.5 kg, 5 mL/day
will be added to the PN solution. Once the patient is 11 years
old, an adult multivitamin (MVI-12) may be used. Given
recent significant shortages, if a child is able to tolerate
a multivitamin supplement enterally, this should be the
clinician’s preference. Recently, trace element dosages for

neonates, infants, and children were updated by the American
Society for Parenteral and Enteral Nutrition (Table 5.4).
Significant shortages have required the use of single trace
elements or the use of imported products from Europe in
order to meet patient needs.

For patients receiving peripheral PN solutions, the osmo-
lality should be less than 900 mOsm/L, unless institutional
policy allows for higher osmolalities (Table 5.5). IVFE (lip-
ids) are essentially iso-osmolar (260-308 mOsm/L) and
should be administered to help decrease the osmolarity that
the vein is exposed to. To calculate osmolality: (1) Every
gram of amino acids is 10 mOsm; (2) Every gram of dextrose
is 5 mOsm; (3) The sodium and potassium chloride and ace-
tate salts contain 2 mOsm/mEq (1 for the cation and 1 for the
anion); (4) Calcium gluconate 1 g is 4.67 mEq or ~7 mOsm;
(5) For phosphate, the potassium saltis I mMol=2.467 mOsm
and the sodium salt is | mMol=2.33 mOsm; (6) For magne-
sium sulfate, 1 mEq=1 mOsm.

Another important calculation is the GIR. For most
patients, especially neonates or those who have been NPO
for several days, start with a lower GIR and work up to the
goal GIR over 2-3 days. If the patient was eating or on
enteral nutrition and tolerating it within the prior 24-72 h,
they may be gradually ramped up to goal PN over a 24-h
period of time, assuming the blood glucose is within the nor-
mal range. To calculate GIR, the units are mg/kg/min and
one should take the amount of dextrose being administered
divided by the time period of administration and patient
weight in kg. Two examples follow:

Glucose infusion rate(mg/kg/min) =
dextrosegrams / kg / day x1000mg / g
(24h/ day)x (60min/ h)

Example If administering dextrose 10 g/kg/day, the GIR for
administration over a day is 6.9 mg/kg/min.
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Table 5.5 Calculating osmolarity in peripheral parenteral nutrition

Electrolyte mEq/mL mOsm/mL
NaCl 4 8
Na acetate 2 4
KClI 2 4

K acetate 2 4
Na Phos 4 7
Na Phos 3 mMol

K Phos 43 7.4
K Phos 3 mMol

Ca 0.465 0.68
Mg 4 4.06

Maintain total mOsm/L of PPN less than 900 mOsm/L
1. Dextrose grams/L x 5=mOsm/L

2. Protein grams/L x 10=mOsm/L

3. Convert mEq/L of electrolytes in PN to mOsm/L

If, however, the same amount of dextrose (10 g/kg/day) in
a volume of 520 mL is cycled over 18 h, with a 1-h ramp-up
and 1-h ramp-down in rate, the cycle is 15 mL/hx1 h,
30 mL/hx 16 h, and 15 mLL/hx 1 h:

Maximal Glucose infusion rate(mg /kg/ min) =

10g / kg /dayx1000mg/ gx30mL /h
520mL /day><(60min/ h)

=9.6mg/kg/min

Administration

Most PN solutions should be administered centrally as it is
difficult to meet a patient’s nutritional and electrolyte needs
with a peripheral solution. The pediatric surgeon has a criti-
cal role to play in choice of access and type of catheter.
In general, a central venous catheter or a percutaneously
inserted central catheter (PICC) should be placed if PN will
be administered longer than 72 h or if the peripheral venous
catheter would be replaced should it infiltrate within 48 h.
Ports may also be used for PN administration, although the
reason for placement is still usually limited to those requir-
ing intravenous anticancer therapy. In general, the fewest
lumens necessary should be inserted to minimize risk of
central line infections.

Solutions with an osmolality of <900 mOsm/L may be
administered peripherally. Such solutions generally contain
dextrose 10-12.5 % (10-12.5 g/100 mL) with amino acids
1-2 g/kg/day (usually AA 3 % or less). When salts are added,
the simplest way to decrease the osmolality is to decrease the
amount of protein. However, if the solution cannot provide at
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least 1 g/kg/day protein, consider infusing dextrose-containing
fluids until central access is obtained, which allows the PN to
be administered centrally to avoid the limitations of peripheral
administration (not being able to provide sufficient calories to
meet needs, risk of phlebitis).

When first starting PN, it is usually administered continu-
ously. Continuous administration is the standard for neo-
nates until they are at an age where they can maintain their
blood glucoses with the PN infusion discontinued for 2—4 h.
For older patients, once they are stable on a goal PN formula,
it may be cycled over 12-20 h, depending on the patient and
ability to tolerate being off PN (usually determined by the
amount of time the patient can go between feedings, whether
they are on enteral feedings, line time needed for administra-
tion of medications, desire for time off for ambulation, and,
for home PN patients, lifestyle of patient and family). The
advantages of cycling are that the body, specifically the liver,
gets a break from metabolizing nutrients, similar to the
individual who is eating; and the patient is better able to
ambulate without being tied to an I'V.

Complications

The use of PN carries the possibility of complications,
including central line infection, thrombosis, thrombophlebi-
tis, hyperglycemia, hypoglycemia, electrolyte disturbances,
intestinal failure-associated liver disease (IFALD, also
known as parenteral nutrition-associated liver disease or
PNALD, or TPN-associated cholestasis), and secondary
nutrient deficiencies.

To avoid infection, the catheter should be inserted asepti-
cally and catheter care should include careful, thorough
preparation of the hub prior to administration of PN or medi-
cations or taking blood samples for laboratory monitoring. In
addition, sterile dressing changes should be done per hospi-
tal protocol. Instilling an alcohol (EtOH) dwell into the cath-
eter (note that the catheter must be silicone) when not in use
inhibits the growth of bacteria. The use of a 0.22 pm inline
filter will remove bacteria and fungi but may not be used
with IVFE (breaks the emulsion; for IVFE, a 1.2 pm filter
may be used to filter particulates).

Thrombosis is a common complication, especially with
multi-lumen catheters. To avoid this, appropriate selection
of catheter size and avoidance of multiple lumens, if possi-
ble, are important means to limit risk. In the neonatal popula-
tion, heparin is often added to the PN in a dose based on final
PN volume (0.5 units/mL), but the evidence that this pre-
vents or decreases thrombosis is equivocal. Rate of flow (at
least 1-10 mL/h, depending on catheter size), routine cathe-
ter flushing, and the use of heparin or saline lock solutions
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when the catheter is not in use will limit thrombus formation.
Should a clot occur, the use of alteplase (1-2 mL dwells,
depending on volume of the catheter) will usually dissolve
the clot.

Hyperglycemia may occur during periods of stress or
inflammation (immediately postoperatively or with infec-
tion), and giving large doses of dextrose worsens this. It is
reasonable to limit the amount of dextrose during periods of
stress to decrease the negative sequelae of hyperglycemia
(blood glucose >180 mg/dL which is the renal threshold for
glucose: glucosuria, dehydration, loss of electrolytes). The
same is true in the immature neonate. For most pediatric
patients, starting with the equivalent of dextrose 10 % infus-
ing at an appropriate GIR and advancing by an appropriate
rate over 2-3 days will avoid this complication.

Hypoglycemia (BG <60 mg/dL or symptomatic) may
also occur, although this usually occurs when a patient is
abruptly withdrawn from PN and dextrose is not adminis-
tered at an appropriate GIR to prevent the rapid decline in
blood glucose. This can be avoided by decreasing the PN
rate over 1-2 h (cycling off) or by substituting dextrose-
containing fluids (usually 10 % dextrose) at a GIR that is at
least half the GIR that the PN was providing.

Adjustments in PN additives will correct the majority of
electrolyte abnormalities. For acid-base disorders, an incre-
ase in the acetate in the PN will provide more “base.” In
general, the manipulation is best done to keep the cations at
their current levels; in other words, do not manipulate the
cations to provide more chloride or acetate.

Intestinal Failure Associated Liver Disease

Pediatric patients on long-term PN (at least 2—4 weeks) with-
out enteral intake are at the highest risk for developing
IFALD. The clinician must recognize those patients that are
most likely to require long-term PN (intestinal atresia, gas-
troschisis s/p bowel resection, severe prematurity, necrotizing
enterocolitis) and tailor the nutrition support plan accord-
ingly. There is a fine balance between providing PN substrates
for growth and minimizing complications. In children, should
the direct bilirubin rise above 2 mg/dL, the current standard of
practice is to limit IVFE to 1-2 g/kg daily to twice weekly, in
order to limit or halt the rate of rise in direct bilirubin. Cycling
the PN as soon as clinically feasible should also be consid-
ered. In addition, ursodiol may be administered. Ultimately,
the optimal way to avoid IFALD is to feed the patient orally
or enterally. Daily consideration should be given to the initia-
tion of trophic EN with advancement as clinically able given
the patient’s tolerance and clinical course.
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Summary

The timeframe for initiation of PN should consider the
patient’s age, underlying nutritional status, and anticipated
duration of NPO or lack of enteral feeding. Parenteral AA
provision can and should be initiated at goal protein level. In
order to prevent EFAD, IVFE (lipids) 0.5-1 g/kg/day should
be provided. Avoid overfeeding: Calorie needs should be
individualized and are best determined by indirect calorim-
etry; if this is not feasible, predictive equations such as WHO
or Schofield should be utilized. For a patient with or at risk
for IFALD, start EN as soon as clinically able, consider
cycling PN and limiting IVFE (lipids) to 1 g/kg/day (or add-
ing a fat emulsion that contains omega-3 fatty acids) if the
bilirubin increases.

Editor’'s Comment

Aside from checklists and protocols around wound care,
there is perhaps no variable more important in reducing the
risks of complications in pediatric surgical patients that
ensure that patients are appropriately nourished prior to sur-
gery. Parenteral nutrition and nutrition assessment are criti-
cal tools that the pediatric surgical team can utilize to
minimize the risk of postoperative complications. What
makes pediatric nutrition support particularly challenging
are both age- and disease-dependent variability in nutrition
requirements. Ideally, PN in surgical patients is best man-
aged by a team led by a pediatric surgeon composed of
pharmacists and dieticians with specific training in pediatric
nutrition support. Training is provided through the American
Society of Parenteral and Enteral Nutrition (ASPEN) and
individuals are certified through a computerized exam that is
offered annually.

Advances in the science of parenteral nutrition have saved
lives; however, until the mystery of parenteral nutrition-
associated cholestasis is solved, it will continue to be simply
a bridge to enteral nutrition. As a result, the goal for every
patient receiving parenteral nutrition is to transition to enteral
feedings as soon as possible. Peripheral nutrition rarely pro-
vides enough nutrition to make a real difference and tends to
require daily replacement of peripheral intravenous cathe-
ters, which can be torturous for the patient.

It is incumbent on the surgeon or interventionalist who
places central venous catheters in patients who will need
long-term parenteral nutrition to do everything possible to
preserve the central veins. This means placing only the
smallest single-lumen catheter needed to meet the child’s
needs, having protocols and support staff available to help
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families avoid catheter dislodgement and line infections, and
monitoring patients closely for catheter-associated vein
thrombosis so that the catheter can be removed and treatment
started early. Some of these patients will benefit from a work
up for a hypercoagulable state.
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Enhanced Recovery Protocols

Peter Mattei

It is increasingly clear that when we apply systematic
and evidence-based perioperative protocols, we can make
patients more comfortable and hasten their recovery. Patient
care should also be streamlined, and patients should not be
subjected to the discomfort and indignity of unnecessary
procedures, worthless rituals, and therapies that are not sup-
ported by scientific evidence. “Fast-track™ protocols have
been renamed “enhanced recovery” protocols as they aim to
address all aspects of postoperative care—return of bowel
function, early resumption of physical activity, maximizing
patient comfort, and eliminating superfluous maneuvers —all
ideally evidence-based and designed to improve the recov-
ery rather than simply just shorten the hospital stay.

Traditional surgical teaching, passed on by generations of
surgery residents, emphasized the idea that after an abdomi-
nal procedure or bowel surgery, the postoperative ileus is a
mandatory and presumably beneficial period of bowel inac-
tivity that should not be hastened or otherwise manipulated.
For many decades standard therapy mandated strict bowel
rest and nasogastric decompression. Although an enlight-
ened few would allow removal of the nasogastric tube and
resumption of diet upon the passage of flatus or when the
gastric drainage was no longer green, most would forbid
patients from eating or drinking until their first bowel move-
ment, which was thought to herald the return of bowel func-
tion. As a result, the typical length of time before resumption
of regular diet could be anywhere between 3 and 10 days.
Those brave enough to remove a nasogastric tube prema-
turely, allow the patient to ingest ice chips or sip water, or
induce a bowel movement with a laxative or suppository
were accused of placing the patient at risk for bowel obstruc-
tion, anastomotic dehiscence, peritonitis, and sepsis.
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Finally, a few brave pioneers in the 1990s began to
question this dogma and renounced these firmly held beliefs.
They found that not only did their patients survive, but they
also got better faster, went home sooner, and were more
comfortable throughout their postoperative course. They
originally developed and tested these regimens for elective
colorectal operations, but since then, a few pockets of stub-
born resistance notwithstanding these concepts have been
expanded and refined and widely accepted as standard for
nearly every type of surgery. For some inexplicable reason,
pediatric surgeons were initially reluctant to adopt similar
measures in the care of children.

Basic Principles

There should be a sound scientific basis for every specific
step of and enhanced recovery protocol as well as to the pro-
gram as a whole, which bundles several concepts within a
single comprehensive clinical pathway. But they are not
meant to be one size fits all—it is also important that the
protocol be flexible and carefully designed to address the
needs of the individual patient.

Children stand to benefit as much or more than adults and,
in fact, similar protocols have been used in the care of chil-
dren safely for many years. Most likely to benefit from appli-
cation of an enhanced recovery program is the healthy child
who has undergone an elective and uncomplicated procedure
and who is comfortable, neurologically intact, and spontane-
ously breathing. The absence of any of these components is
not an absolute contraindication but the critically ill, heavily
sedated, mechanically ventilated patient with chemical peri-
tonitis is not a good candidate. Although after a minimally
invasive procedure one would naturally expect the patient
to recover more quickly, children who have undergone an
extensive operation through a more traditional open incision
also benefit from these measures.

Safe application of an enhanced recovery protocol
requires good judgment. Relative contraindications include
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age less than 6 months; weight less than 10 kg; respiratory
status that might be compromised by a distended abdomen;
the presence of an esophageal, gastric, or duodenal suture
line; an inability to protect the airway in the event of emesis;
positive-pressure ventilation, including BiPAP or CPAP;
and any condition expected to cause a profound ileus such as
high-grade bowel obstruction, fecal contamination of the
peritoneum, or massive ascites. Nevertheless, we have safely
utilized the protocol or a slightly modified version in patients
with perforated appendicitis, partial SBO, jejunal resection
with primary anastomosis, hepatic resection, Meckel’s diver-
ticulectomy, resection of extensive retroperitoneal tumor,
nephrectomy, or creation of an ostomy.

The basic tenets of the protocol for abdominal surgery
include no routine nasogastric tube, early diet advancement,
minimization of narcotic analgesics, and early ambulation/
physical rehabilitation (Table 6.1). Naturally, the protocol is
modified according to the patient population, the procedure,
and the clinical judgment. The common theme is that each
component should be supported by evidence.

Preoperative Preparation

It all starts at the surgical pre-visit and includes informing
the patient and family about the details of the operation
and managing expectations around their child’s anticipated
recovery. We explain that discharge is determined by how
the patient progresses and is therefore inherently unpredict-
able. It is reasonable to give them some idea of a typical
length of stay, but it is important to emphasize that it is not
the calendar but the achievement of specific milestones that
determine the discharge date. We tend to underestimate the
length of stay a bit because parents often feel rushed if their
child does well enough to go home sooner than projected but
are somewhat more accepting of the child who needs a little
more time to recover. It is also important to consider the cul-
tural and psychological state of the patient and family to help
manage their anxiety around their child’s care.

Mechanical bowel preparation, standard for patients pre-
paring for elective bowel surgery for decades, in most cases
is unnecessary and may actually do more harm than good in

Table 6.1 Concepts of a typical enhanced recovery protocol in pediatric surgery: laparoscopic ileocecectomy for Crohn’s ileitis

Preoperative ¢ No mechanical bowel preparation (clear liquids for 24 h)
¢ Detailed explanation of operation, risks, benefits
¢ Concept of post-op milestones, criteria for discharge
* Anticipate discharge to home by POD 2-3*
Intraoperative ¢ Laparoscopic or transverse incision

¢ Optimize IV fluids, avoid overhydration

¢ Optimize body temperature, glucose control

¢ Prophylactic antiemetics

NO nasogastric tube

Except:
(a) After esophageal, gastric, or duodenal surgery

(b) Infants <6 months of age or <10 kg body weight

(c) Placed post-op as needed for comfort

Diet

¢ Clear liquid diet immediately

¢ Advance to regular diet as tolerated®

Intravenous fluids

e (.75 of calculated “maintenance” rate?

¢ Crystalloid boluses as needed for low urine output

Pain management

¢ Minimize narcotics

¢ Ketorolac, nalbuphine, and/or acetaminophen
e IfIV PCA, basal infusion rate should be zero
* Thoracic epidural with local anesthetic®

Physical rehabilitation

¢ QOB to chair/ambulate within first 12-24 h

Bowel regimen

¢ Bisacodyl suppository on POD 2, BID until first stool

*This is standard for an uncomplicated bowel resection but will vary depending on the procedure being performed
®Intractable emesis, extreme distension, gas bloat; should be necessary <5 % of cases
“In the absence of symptoms (fullness, nausea, emesis) or abdominal distension

dMaximum rate, 84 mL/h (=2 L per day)

*Lumbar epidural administration of narcotics is known to prolong postoperative ileus
POD postoperative day, PCA patient-controlled analgesia, OOB out of bed, BID twice daily
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terms of surgical site infection and anastomotic complications.
It is also unpleasant for patients and their families, causes
discomfort and dehydration, and can result in significant
metabolic derangement. We therefore generally avoid tradi-
tional mechanical bowel preparation in most cases. For elec-
tive colorectal operations, we ask the patient to adhere to a
clear-liquid diet for 24 h prior to admission. This reduces the
stool burden somewhat and promotes the intake of fluids
prior to the preoperative fast. Patients who are malnourished
and whose operations can be safely delayed may benefit
from a period of enteral or even parenteral nutritional reha-
bilitation for 2—4 weeks before the scheduled date of sur-
gery. Adults often receive an enema in the preoperative area
before elective distal colorectal procedures but in children
we avoid this and instead perform a fecal disimpaction and
rectal washout with dilute betadine in the OR after induction
of anesthesia.

Gastric Decompression

Nasogastric tubes were once thought to improve patient
comfort by preventing postoperative emesis and shortening
the postoperative ileus by reducing bowel distension caused
by secretions and swallowed air. It turns out that very few
patients are at risk of excessive distension or intractable
vomiting and there is no evidence that gastric decompression
itself shortens the postoperative ileus. The tubes themselves
are extremely uncomfortable and increase the risk of certain
infectious complications such as sinusitis and possibly
pneumonia.

We do not routinely place nasogastric tubes after most
abdominal operations. We consider using them after opera-
tions in which gastric distension might disrupt a suture line
or compromise respiration. We will offer to place an NGT
postoperatively for intractable vomiting, early postoperative
small bowel obstruction, or severe symptomatic distension.
We also tend to still use them in small infants because even
a moderate amount of gastric or abdominal distension can
compromise their respiratory status.

Diet

Even after bowel resection or extensive abdominal opera-
tions, early (day of surgery) intake of moderate amounts of
clear liquids provides comfort, hastens recovery of bowel
function, and appears to be safe for most patients. In addition,
contrary to prior teaching, early oral intake does not increase
the risk of complications or anastomotic dehiscence.

As soon as the patient is coherent enough to drink safely,
we let our patients take small amounts of clear liquids and
then advance to more substantive intake, as long as they are
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not feeling full or nauseated and if there is only minimal
abdominal distension on physical examination. Though
patients generally limit their intake appropriately, we always
monitor them closely for worsening abdominal distension or
nausea at least two or three times daily.

Intravenous Hydration

Most patients receive large amounts of intravenous fluid,
especially during long and difficult operations, despite little
evidence that it is beneficial or necessary. However, exces-
sive fluid seems to prolong the postoperative ileus perhaps
by increasing bowel wall edema. We therefore try to limit
the amount of intravenous fluid, both in the operating room
and in the postoperative period, to only what is necessary to
maintain adequate tissue perfusion and renal function. Even
the traditional pediatric “maintenance” fluid formula is
empirically based and designed to err on the side of giving
too much fluid. It is also increasingly clear that children can
tolerate a degree of permissive oliguria in the postoperative
period, especially close to the time when they are expected to
mobilize extra fluid and begin the postoperative diuresis,
typically 36-48 h postoperatively. Assuming the child is
otherwise stable and comfortable, a urine output of approxi-
mately 0.8 mL/kg/h is probably adequate.

In the immediate postoperative period, we generally
administer 75-80 % of the calculated maintenance rate, and
then if a patient demonstrates a need for more fluid (low
urine output, tachycardia), we give a bolus of crystalloid
solution (10-20 mL/kg) rather than just increasing the main-
tenance rate. We also rarely, even for children who weigh
more than 45 kg, administer more than 84 mL/h since few
patients need more than 2 L of “maintenance” intravenous
fluids in a 24-h period. If a patient requires more fluid due to
third-space losses or loss of secretions, it is probably better
to replace these losses with crystalloid rather than the usual
dilute fluids used for maintenance.

Opioids

Narcotics have a well-documented detrimental effect on
bowel motility. They also induce nausea and their sedative
effects make it difficult for some patients to participate in a
postoperative physical rehabilitation program. We minimize
the administration of narcotics while still making sure the
patient is comfortable.

We will use the combined agonist—antagonist narcotic
drug nalbuphine (0.1 mg/kg IV every 3 h, as needed for
pain), which has good analgesic properties and seems to
have less of a detrimental effect on bowel motility than mor-
phine or hydromorphone. We also typically use ketorolac
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(0.5 mg/kg IV every 6 h, maximum dose 30 mg, around the
clock), which has excellent analgesic properties and none of
the adverse effects associated with opiates. Intravenous
acetaminophen is another useful adjunct in patients who
have a contraindication to ketorolac. Patient-controlled
analgesia is also an excellent option for postoperative pain
relief, but we have found it best to avoid a basal continuous
opiate infusion as this causes excessive sedation and pro-
longs the postoperative ileus. Finally, narcotics delivered
through a lumbar epidural catheter prolong the postoperative
ileus, while local anesthetics administered by a thoracic epi-
dural catheter have little such effect and provide excellent
analgesia.

Ambulation

Patients who get out of bed early and often after a major
operation tend to recover more quickly and have fewer com-
plications. While being completely immobile probably pro-
longs the ileus, making patients take more than two or three
long walks per day is probably excessive, at least as far as the
ileus is concerned. We encourage patients to get out of bed
and walk to the bathroom for the first time on the day of sur-
gery or, if they cannot do so safely, then certainly no later
than the morning of the first postoperative day.

Bowel Function

The traditional recommendations of gastric decompression
and nil per os until the patient passed stool or flatus were
based on the belief that the colon was the last segment of the
intestine to recover from the postoperative ileus. In retro-
spect it seems more likely that this purported final phase of
the postoperative ileus should simply have been called con-
stipation. There are many factors that promote constipation
in postoperative patients: general anesthetic agents, opiates,
diminished activity, fluid shifts, and poor oral intake.

We actively anticipate and take measures to prevent con-
stipation, if possible, in the postoperative period. In fact,
inducing a bowel movement on the second or third postop-
erative day in patients who are otherwise recovering nicely
from their operation makes them feel better, relieves abdom-
inal distension, improves their appetite, and appears to be
safe. While some routinely give their adult patients oral laxa-
tives in the immediate postoperative period, we have been
reluctant to use purgatives or osmotic agents due to the
cramping and distension that we sometimes see in children.
On the other hand, we have for years routinely offered our
patients a bisacodyl suppository (some will refuse) on POD
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2 even after bowel surgery and have had excellent results,
high patient and parental satisfaction, and no complications
associated with their use.

Minimally Invasive Surgery

It is well established that minimally invasive surgical tech-
niques are associated with less postoperative pain and faster
recovery. When the only option is a laparotomy, many have
found that incisions that are oriented transversely, avoid cut-
ting across muscle fibers, or both are less painful and heal
better than a midline incision. These include the Pfannenstiel,
Maylard, Cherney, and Rockey-Davis incisions. When
appropriate we also prefer to use transverse incisions placed
lateral to the rectus sheath to allow an extraperitoneal dissec-
tion for exposure of retroperitoneal structures such as certain
adrenal masses or iliac or ureteral lesions. We have also
avoided the routine use of intra-abdominal drains as these
have been shown to be ineffective and unnecessary but also
painful, dangerous, and costly.

Regional Analgesia

Lumbar epidural infusions are associated with unpleasant
sequelae and may impede recovery: they prolong the postop-
erative ileus; frequently cause urinary retention and the need
for bladder catheterization; affect the muscular tone of
the lower extremities and proprioception, preventing some
patients from ambulating; and may contribute to postopera-
tive constipation. On the other hand, thoracic epidural cath-
eters, especially when used to administer local anesthetics,
appear to be more effective and have fewer adverse effects
on the natural course of postoperative recovery; however,
they are more difficult to insert and have been associated
with complications related to the spinal cord.

Discharge Criteria

Barring a postoperative complication, patients are consid-
ered ready for discharge to home when they are afebrile
(<38.5 °C for 12 h), tolerate a regular diet, able to ambulate
reasonably well, and are reasonably comfortable taking just
oral analgesics. We prefer that patients after bowel surgery
have at least one bowel movement. If they have not stooled
by POD 2, we encourage them to take a bisacodyl supposi-
tory. It is very important that parents feel comfortable taking
their child home, and this is where the preoperative educa-
tion to anticipate a timely discharge is vital.



6 Enhanced Recovery Protocols

Future Considerations

Enhanced recovery protocols have been very well estab-
lished to be safe and effective for many types of surgery.
These concepts should be embraced and advocated by
surgeons and nurses who take care of patients after major
operations. And these caregivers should work to develop
similar regimens to improve the care of their patients at their
institution. Naturally, it is important to consider the specific
needs on your unit and to educate and inform everyone
involved, including patients and their families, as to the phil-
osophical tenets of the program and the reasons why every
step of the process is considered important.

Preoperative fasting and the physiologic stress of surgery
produce significant metabolic derangements that can delay
recovery and increase risk. To counteract the catabolic
effects of fasting and cellular injury, some advocate a shorter
period of fasting and the intake of clear liquids supplemented
with complex carbohydrates up to 2 h before induction of
anesthesia. We are considering adding this to our regimen
but have been prevented from doing so by the lack of a suit-
able commercially available carbohydrate-rich drink in the
USA and the more stringent NPO guidelines proposed by our
anesthesiologists.

Although mechanical bowel preparation seems to have
little benefit for elective colorectal procedures, there is
increasing evidence that oral antibiotics may decrease SSI
rates and therefore should probably be used routinely in
these patients. However, in the USA at this time, it is difficult
to find safe and effective oral antibiotics for use in children.
Neomycin and erythromycin are rarely used due to concerns
about toxicity and side effects. We hope to find a suitable
drug combination that is minimally absorbed and safe.

Early reports suggest alvimopan, a p-receptor opioid
antagonist that blocks the effects of narcotics on the intes-
tine but not in the brain, might hasten return of bowel func-
tion and shorten hospital stay after surgery. It appears to be
safe but the reduction in time to diet and discharge seems
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to be modest at best. Nevertheless, we suspect these or
similar drugs will someday become a standard part of our
regimen.

Finally, the short history and impressive success of
enhanced recovery protocols should be a clear lesson that
empiric methods, superstitious practices, and traditional
dogma can be dangerously wrong and, despite our technical
skill, attention to detail, and good intentions, we can cause
unnecessary suffering and actual harm to our patients by
stubbornly adhering to unproven traditional methods. It is far
better for our patients that we view traditional teaching and
conventional wisdom with skepticism, keep an open mind
about concepts that might seem at first to be heretical, and
insist every action we take in the care of our patients be justi-
fied and based on sound scientific principles.
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Quality Improvement, Education,
and Outcomes Research

Steven Teich and Marc P. Michalsky

Historically, there has been a great disparity in the advancement
of pediatric clinical services and the development of pediat-
ric quality and safety indicators. The development and
expansion of pediatric care in the USA began with the open-
ing of the Children’s Hospital of Philadelphia in 1855.
Despite this major advancement in the organization and
administration of medical care for the pediatric population, a
formalized mechanism to specifically address medical errors,
quality of care, quality improvement, and longitudinal out-
comes analysis did not take form until the middle of the
twentieth century. In 1934 Ernest Codman, an orthopedic
surgeon, advocated that every hospital should follow patients
to determine if their treatment had been successful. Over the
past half-century, pediatric hospitals have become highly
specialized facilities for delivering state-of-the-art medical
care. The progression of medical specialization into pediatric
subspecialties has led to a commitment to provide the best
care possible for pediatric patients.

Medical Injuries

Patient safety events for hospitalized children occur at a
comparable rate to hospitalized adults. This has led to
increased scrutiny regarding the accurate assessment and
prevention of pediatric medical errors. Serious safety events
are associated with a two- to sixfold increase in length of
stay and up to a 20-fold increase in total hospital charges.
Furthermore, specific medical injuries have up to 50-60 %
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excess adjusted mean LOS and more than $5000 excess
mean adjusted hospital charges.

There are also many safety issues that are unique to chil-
dren’s health care. These relate to the four Ds of childhood:
developmental change, dependence on adults for accessing
care, different disease epidemiology from adults, and demo-
graphic characteristics unique to childhood. The enhanced
susceptibility of newborns to infections and the detection of
life-threatening cardiac anomalies within the first few days
of life are examples of developmental change. Children are
dependent on adults for accessing medical care since they
usually cannot be the primary historian for their medical
complaints, they are not capable of questioning their medical
care, and usually do not administer their own medications.
Children also have unique illnesses, such as birth trauma and
metabolic abnormalities that do not occur de novo in adults.
Pediatric outcomes research is hampered by the low associa-
tion between parental and child perspectives, the need for
developmentally appropriate measures, low rates of medical
conditions, long intervals necessary to detect treatment
effects, and the need for case-mix adjustment.

Medication errors are the most common adverse events in
hospitalized patients, accounting for nearly 20 % of all
events. One third of all adverse drug events are associated
with medication errors and are therefore preventable. In
adults, ADEs occur at a rate of 5 % of medication orders.
Although a similar overall medication error rate occurs in the
pediatric population, the nature of associated errors has
several unique characteristics when compared to the adult
population. Specifically, routine weight-based dosing in the
pediatric population results in children being more likely to
experience dosing errors as a result of simple mathematical
errors. Such errors result in the inadvertent administration of
medications at doses 10- or 100-fold higher than the pre-
scribed amounts. Other unique factors to be considered
include the errors associated with off-label drug usage and
preparation. In addition, pediatric patients have a limited
reserve to tolerate a dosing error and limited ability to
communicate with health-care personnel that an error has
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occurred or is about to occur. Academic pediatric hospitals
demonstrate a medication error rate of 5-6 % and 50-90 %
of ADEs are preventable, since medication errors occur fre-
quently during drug order entry and may be corrected if the
error is detected early in the ordering process.

Analysis of medication error causality on a pediatric sur-
gical service concluded that the majority of medication
errors are associated with the presence of rotating general
surgery residents, who while often still in the process of
familiarizing themselves with routine “adult” dosing guide-
lines are often less familiar with pediatric dosing and there-
fore more likely to commit an error. Some have demonstrated
that an incorrect dose of medication accounts for the largest
number of errors, followed by dosage form, omission of
information necessary to complete an order, and missed
allergies. Most medication errors are identified by the phar-
macy, go no further, and result in no harm to the patient.
Medication orders should always include the milligram-per-
kilogram dosing information, the patient’s weight in kilo-
grams, as well as the total dose requested. This allows the
pharmacy to efficiently check medication orders. Compute-
rized physician order entry (CPOE) is an important tool in
this regard since it is designed to flag and to refuse to accept
a medication order without these critical parameters.

On the pediatric surgery service at the Nationwide
Children’s Hospital, like most pediatric surgical services, the
attendings and fellows are most experienced at writing pedi-
atric medication orders, yet the majority of orders are written
by inexperienced rotating general surgery house officers.
Therefore, we have initiated standardized order sets for many
pediatric surgical conditions including hypertrophic pyloric
stenosis, acute appendicitis, and Nissen fundoplication. In
addition to reducing the potential for medication error, we
have demonstrated that the use of routine perioperative order
sets reduces overall hospital charges as well as length of stay.

Other strategies to decrease medication errors can also be
useful. Pharmacy auditing and clinical pharmacist review are
critical to identify medication errors involving drug interac-
tions, incorrect drug doses, incorrect solutions, and inappro-
priate infusion rates. Adding a pharmacist to the ward team
has been shown to decrease ADEs by 66 % and has been
widely adopted in both the pediatric and adult setting.
Handheld PDAs with a drug prescribing reference can help
reduce medication errors. However, not all commercially
available drug-dosing references have pediatric dosing infor-
mation, and many drugs are used off label for pediatric
patients.

Within our CPOE at the Nationwide Children’s Hospital,
common dosages for prescribed drugs are listed to help guide
physicians. In an effort to reduce errors on the pediatric sur-
gery service, we also provide the house staff with a pediatric
surgery pocket manual, which lists the common drugs used
on the pediatric surgery service with the correct dosages.
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In addition, we highlight several specific services, such as
pediatric burn surgery and trauma surgery, with supplemen-
tal pocket cards, which allow for immediate access to impor-
tant information on drug dosing in the acute care setting.

Morbidity and Mortality Conferences

Surgical morbidity and mortality (M&M) conference has
been the most important meeting for surgical education and
quality assurance in the surgery department at teaching insti-
tutions ever since Ernest Codman developed his “End
Results” system at the Massachusetts General Hospital in the
early 1900s. The structure of M&M conference has remained
essentially unchanged from Codman’s description of a sys-
tem, which details the patient’s history and outcome, along
with adverse events and their causative errors.

Teaching at M&M conferences is based on the idea that
analysis of our errors is a powerful educational tool. In
national surveys, 80 % of respondents state that they would
attend M&M conference even if it were not mandatory. This
survey reflects the strong belief among surgical residents and
attendings of the value of M&M conferences as an educa-
tional tool. M&M conferences are also an important tool for
quality assurance since many surgeons demonstrate a will-
ingness to change their clinical practice based on knowledge
acquired at M&M conferences.

Over the past decade, surgical education has been strained
by reduced resident work hours, the economic needs of the
hospital, and further specialization within general surgery. In
2001, the Accreditation Council for Graduate Medical
Education (ACGME) mandated US residencies to imple-
ment a curriculum and evaluation process based on six
general competencies: patient care, medical knowledge,
practice-based learning and improvement, interpersonal and
communication skills, professionalism, and system-based
practice. In response to these challenges, surgical residencies
have instituted a number of innovative changes including
a night float system and a daily general surgery morning
report. However, a well-run M&M conference remains the
cornerstone to fulfilling many of the ACGME competencies,
especially practice-based learning and improvement.

We have sought to increase the educational value of the
surgical M&M conference through several proven tech-
niques: direct questioning of the audience, more thorough
explanation of cases, questions directed to attending sur-
geons, use of radiographic images, and teaching points
specifically made for the medical students in attendance.
Moreover, this weekly conference requires coordinated par-
ticipation from an attending radiologist and pathologist, as
well as other pediatric subspecialists as dictated by the case
under discussion. The result is a multidisciplinary discussion
with maximal educational content.
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Evidence-Based Practice

Evidence-based medicine (EBM) defines best practice based
on the weight of best available evidence. It has been demon-
strated in the adult medical literature that among different
practice groups, significant variations can exist in rates of
hospitalization, medical therapy, and surgical procedures for
the same medical conditions with no significant variation in
quality or outcomes. Therefore, all specialties are seeking to
define optimal care practices to reduce inappropriate utiliza-
tion through the use of objective clinical data studies.

Evidence-based practice derives its data from the scien-
tific literature. However, the pediatric surgery literature is
replete with retrospective single-institutional series, often
focusing on narrow surgical problems. There are many
descriptions of surgical techniques, personal experiences,
and unique cases. These observational studies do not provide
strong support for defining best practices in pediatric sur-
gery. Several studies have shown that among original articles
published in the pediatric surgery literature in recent years,
less than 1 % can be classified as prospective, randomized,
controlled studies. Thus, the need for better outcomes
research in pediatric surgery is obvious.

Several studies in children have suggested an association
between hospital and surgeon volumes and outcome, yield-
ing data similar to adult volume-outcome studies. This has
been clearly shown for pyloromyotomy for hypertrophic
pyloric stenosis and portoenterostomy for biliary atresia.
Europeans have demonstrated that centralized systems for
certain low-volume high-risk procedures such as portoenter-
ostomy have the distinct clinical advantage of creating a
seamless transition from rapid evaluation of neonatal obs-
tructive jaundice to prompt Kasai portoenterostomy by an
established, multidisciplinary team at a single center.

The opportunity for evidence-based practice in minimal
access pediatric surgery is evident. Pediatric surgeons were
initially slow to embrace minimal access surgery until the
1990s when advances in technology allowed the creation
of smaller instrumentation and camera systems suitable for
children and infants. Nevertheless, less than 2 % of articles
on minimal access pediatric surgery can be classified as level
1 randomized controlled studies or systematic reviews of
randomized controlled studies, while 70 % are classified as
level 4 case series. Any new surgical technique should be
equal or superior to the conventional method that it is trying
to replace but the quality of evidence for minimal access
pediatric surgery remains extremely poor.

The nonoperative management of blunt spleen and liver
injuries in children serves as a model for the creation of
evidence-based guidelines in pediatric surgery. In 1998, the
American Pediatric Surgical Association (APSA) Trauma
Committee devised evidence-based guidelines for resource
utilization based on a retrospective review of 832 children
with isolated liver or spleen injuries. Stylianos and the APSA
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Liver/Spleen Trauma Study Group then conducted a
prospective study at 16 centers to apply these evidence-
based guidelines to children with isolated spleen or liver
injuries. Compared with the patients in the retrospective
study, the prospectively treated patients had a significant
reduction in ICU stay, hospital stay, follow-up imaging, and
interval of physical activity restriction within each grade of
injury with no adverse sequelae. With validation, these
guidelines have had direct economic impact while enhancing
patient and family satisfaction.

Pediatric surgeons, like other health-care providers, are
being challenged to optimize utilization of resources while
providing maximum patient safety. We now have the oppor-
tunity and need to apply evidence-based practice to define
optimal care for our pediatric surgical patients on a prospec-
tive basis.

Surgical Outcomes Research

The assessment of surgical outcomes had its beginnings in
the pioneering work of Ernest Codman at the Massachusetts
General Hospital in the early 1900s. Among his many
accomplishments were the development of the intraoperative
anesthesia record, the first tumor registry, and the routine
collection and reporting of individual surgeons’ operative
outcomes. His adverse operative outcome system is still in
use today. The M&M conference and audits of physician
performance were widely adopted by the surgical specialties
but largely ignored by other branches of medicine. In the
1960s and 1970s, computer programs made it possible to
audit large institutional surgical volumes as well as surgeon-
specific outcomes. However, data collection was not uni-
form, there was no risk stratification, comorbidities were not
well assessed, and incomplete follow-up gave rise to inac-
curate morbidity and mortality data.

In 1991, the National Surgical Quality Improvement
Program (NSQIP) was initiated by the US Department of
Veterans Affairs and was subsequently adopted in a staged
fashion by academic medical centers throughout the USA.
Designed to measure the quality of adult surgical care within
an institution utilizing prospective entry of patient risk and
outcome data and the determination of risk-adjusted 30-day
outcomes, initial NSQIP results from the VA system demon-
strated a 47 % reduction in overall 30-day postoperative
mortality and a 43 % reduction in overall 30-day postopera-
tive morbidity.

Due to the great need for risk-adjusted and outcomes-
driven quality improvement programs in pediatric surgery,
the American College of Surgeons and the APSA codevel-
oped NSQIP Pediatric. However, there are marked differences
in children’s surgery that do not allow for direct adaptation
of the NSQIP model. Most complicated general pediatric
procedures are performed infrequently and have a low



54

perioperative mortality rate. Also, because of age-related
cognitive limitations, preoperative comorbidities, postopera-
tive outcomes, and quality of life assessments must be
obtained through parents or caregivers for neonates, infants,
and preschoolers.

The philosophy of the children’s NSQIP, like the adult
version, is to provide pediatric surgeons with highly reliable
data that they can use to make quality improvements. The
aim is to not only provide a highly reliable data system to
compare risk-adjusted outcomes among pediatric surgical
programs and individual pediatric surgeons but also to pro-
vide robust data to permit intensive quality improvement
efforts at the local hospital level.

Editor’'s Comment

It is hard to believe that a focus on the issue of patient safety
as it relates to the care of children has taken so long to take
root in this country, especially when one considers the stag-
gering number of preventable injuries that occur every day.
At many children’s medical centers, the boards of trustees
have taken ownership of the problem, and this has helped to
increase awareness and spark entire institutions to action.
Every children’s hospital should have a patient safety officer
and deputies in every department and division. Meanwhile,
the science of patient safety, though still in its early develop-
ment, is being developed by pioneers who are applying many
of the same techniques that have proved successful in other
fields such as aviation and industry.

A major advance is the concept that although some
medical errors are due to human factors and the techno-
logical complexity of the medicine, the majority actually
appear to be due to predictable and therefore preventable
system failures. Analysis of errors and near misses through
root cause analyses and multidisciplinary M&M confer-
ences, without using traditional personal blame tactics,
has helped to identify system modifications that should
help to prevent similar errors. There are also efforts to
make use of available technology such as computer-based
medical entry to improve efficiency and minimize errors.
Finally, it is clear that improving quality and patient safety
follows naturally when medical care is evidence-based
and standardized.

These modern concepts have been difficult to institute
due to the traditional health-care culture that values physi-
cian autonomy, a rigid hierarchy in which the physician is
“captain of the ship,” and learning by trial and error. The
M&M conference is a hallowed tradition in most surgery
departments. Modifications in the traditional approach are
long overdue and should result in vast improvements in the
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value of the conference without compromising its traditional
usefulness. These modifications include:

1. Making it a multidisciplinary conference

2. Adopting a no-blame format

3. Distinguishing between known and expected compli-
cations from true patient safety issues, which should be
forwarded to the department patient safety officer for sys-
tematic review

4. Discussing near misses in addition to true complications

5. Discussing cases in the context of the available scientific
evidence

Finally, there should be a concerted effort to gather data
prospectively rather than discuss each case individually and
therefore out of context. Though much is to be learned by
studying individual data points in depth, it is through the
analysis of outcomes data and trends that improvements in
the quality and safety of patient care can be realized more
quickly and effectively.

A major hindrance is the culture of arrogance, machismo,
and stubborn individualism seemingly inherent in many
surgical departments. We fail to take into account our own
biases, especially confirmation bias, in our decision-making
process and tend to have higher opinions of our own intelli-
gence and abilities than is usually warranted. We speak
glowingly of those who are team players, but in the end it is
my way or the highway. We pretend that we only have the
patient’s best interest in mind but deep down we are overly
competitive and seem to prefer to appear to be the smartest
or coolest and, ultimately, to win the argument, the battle or
the war. We can only hope that as the older generations retire
and fade, the newer generation of young surgeons will be:
better team players who truly respect the opinions and skill
of others; better and more respectful citizens of the medical
community; less dogmatic and beholden to silly rituals and
superstitious beliefs; more aware that everything we do to a
patient should have a basis in the scientific evidence; more
humble, introspective, and self-critical; and more profes-
sional in the modern sense of the term.
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The recognition and treatment of shock supersedes all other
priorities because it is fatal when untreated. Inadequate oxy-
gen delivery results in increased oxygen extraction, lower
mixed venous oxygen saturation, and, due to anaerobic
metabolism at the cellular level, increased serum lactate
levels. The resultant acidosis can lead to increased minute
ventilation and notable tachypnea, particularly in younger
patients. A number of physiologic compensations occur in
the setting of impaired systemic oxygen delivery in an effort
to protect perfusion of the most vital organs (the brain, heart,
kidneys). Activation of the sympathetic nervous system
promotes tachycardia and increased systemic vascular resis-
tance as evidenced by embarrassment of distal perfusion
(increased  peripheral-to-core  temperature  gradient,
prolonged capillary refill, narrow pulse pressure). The same
mechanisms divert blood from the splanchnic circulation
promoting ileus and decreased urine output. Diaphoresis is
another potential sign of catecholamine activation. Finally,
because physiologic compensations aim to preserve cerebral
perfusion at the expense of other organs, altered mental sta-
tus strongly suggests significant malperfusion. Combinations
of each of these signs can occur in patients with various
forms of shock and the presence of two (and definitely three)
should raise suspicion that the patient requires urgent resus-
citation. In any patient in shock, therapies to reduce meta-
bolic demands (from hyperthermia, agitation, or seizures)
can improve the metabolic supply-demand balance even
without improving substrate delivery.

Very frequently one or more compensatory mechanisms
fail, directly contributing to the shock state. Recognizing that
a patient is in shock (altered mental status, high lactate, oli-
guria) and yet lacks one or more compensatory mechanisms
(still has warm extremities) strongly suggests the mechanism
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of shock (low SVR suggestive of sepsis). Shock will
frequently be refractory to other therapies until these failed
mechanisms have been identified and addressed —profound
volume resuscitation will be required to normalize perfusion
in vasodilatory shock until vasoconstrictive medications are
initiated.

While pediatric surgeons will encounter children with
shock from a variety of causes, hypovolemia (whether abso-
lute or effective) will be a contributing factor in nearly all
patients. If the patient exhibits signs of high filling pressures
(hepatomegaly, jugular venous distention, elevated CVP),
early investigation of cardiac function and possible pericar-
dial tamponade should be considered. In all other cases, fluid
resuscitation with isotonic fluids remains the mainstay of
initial therapy. In the setting of hemorrhagic shock, replace-
ment of blood products should occur as soon as possible,
though initial therapy may by necessity be crystalloid and
other colloids. For other shock states in children, there is a
paucity of data to determine whether crystalloid or colloid is
the preferred therapy. Presently, the only non-plasma colloid
in routine use in children is 5 % albumin. Many studies have
attempted to determine whether crystalloid or colloid
resuscitation improves outcomes in specific forms of shock,
but this remains unclear. Given the additional cost and theo-
retical downsides of albumin, isotonic saline is therefore
generally used in initial resuscitation and up to 60 mL/kg
should be given in the first 30 min if shock persists.

General Principles

It is important to monitor signs and symptoms of adequate
oxygen delivery as well as filling pressures and compensa-
tory mechanisms throughout the period of resuscitation.
Vital signs and mental status should improve with resuscita-
tion as should urine output as a marker of renal perfusion.
Regional oximetry using near-infrared spectroscopy (NIRS)
can approximate the venous saturation (and hence extrac-
tion) in specific tissues and is typically measured over the
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forehead and flank to measure cerebral and renal perfusion,
respectively. Central venous access permits measurement of
CVP as well as venous saturation. It is important to remem-
ber that all of these numbers are relative and indirect mea-
surements—no absolute number is “optimal” for any given
physiology. However, they provide useful information, par-
ticularly when interpreted together as a composite data set,
and they should improve as therapy of shock progresses.

Laboratory assessment is also critically important in
shock. Glucose must be measured immediately and normal-
ized to ensure adequate metabolic substrate delivery. This is
particularly important in infants as they are more prone to
hypoglycemia than older children and adults. Anemia will
impair oxygen delivery by reducing oxygen content and in
certain cases a hemoglobin greater than the age-based norm
may be targeted if cardiac output cannot be normalized with-
out excessive therapies. Serial measurements of lactate will
help determine if oxygen delivery is adequate, though there
may be an initial increase in lactate with improved distal per-
fusion and washout of lactate from the microcirculation.
Hypocalcemia commonly occurs in shock and also contrib-
utes to impaired cardiovascular function. Neonates and
infants are particularly sensitive to hypocalcemia as their sar-
coplasmic reticulum is immature and they are therefore more
reliant on extracellular calcium for cardiac contractility.
Finally, sequential blood gas analysis is also important. In
general, a pH greater than 7.2 need not be specifically treated,
but certain circumstances (pulmonary hypertension, malig-
nant arrhythmias, intracranial hypertension) dictate more
aggressive normalization of pH with increased ventilation or
intravenous administration of bicarbonate or other bases.

In addition to fluid resuscitation, a variety of medications
are used to support the circulation. The apparent physiology
determined by examination (SVR, myocardial function) dic-
tates the category of drug used. Drugs can exert inotropic,
vasopressor, or vasodilatory effects and combinations
thereof. For patients with high SVR after fluid resuscitation,
combined inotropes and vasodilators are used. Milrinone is
typically used for myocardial support unless the blood pres-
sure is low. If blood pressure is low, low-dose epinephrine
(0.02-0.1 pg/kg/min) will provide inotropic support and
some afterload reduction but better preservation of blood
pressure than milrinone. Dopamine is frequently used in sep-
sis in children, as titration of its dose can lead to different
effects on SVR and myocardial function.

Drugs that are not primarily considered vasoactive medi-
cations can also have profound effects on cardiovascular
function in children in shock. Again, calcium has beneficial
effects on myocardial and vasomotor function and can be
given as a rescue medication in refractory shock even if ion-
ized calcium is normal. Steroids also raise blood pressure,
but their impact on outcome in various forms of shock is
controversial. Recent steroid use, metabolic evidence of

M. Wilhelm

hypoadrenalism (hypoglycemia, hyponatremia, hyperkale-
mia), and shock refractory to multiple vasopressors are com-
mon indications for empiric administration of corticosteroids.
Ideally, serum cortisol is measured prior to initiation of ste-
roids to help determine further steroid management.
Importantly, weaning of steroids should begin as soon as the
patient is stable, as their side effects are both dose and dura-
tion dependent. Many other medications that target inflam-
mation and microvascular function have been tried in shock
in adults, and these may find utility in pediatrics as well, but
thus far no adjunctive medications have proven useful.
These general management principles, serial examina-
tion, and laboratory analysis will permit the recognition and
early intervention for shock required to optimize outcome. In
addition, specific etiologies of shock have unique character-
istics that require specific evaluation and management.

Hypovolemic Shock

Profound hypovolemia can be caused by either loss from the
body (hemorrhage, diarrhea), losses from the vascular space
(capillary leak, hypoproteinemia), or increased venous
capacitance (as in distributive shock). In all cases, the filling
pressures by examination (liver size, jugular venous disten-
tion) and monitoring (CVP) should be low. Patients will also
have evidence of increased systemic vascular resistance
(cool extremities, delayed capillary refill, and narrow pulse
pressure).

Aggressive isotonic crystalloid resuscitation is the main-
stay of therapy, and in pediatrics normal saline has tradition-
ally been used. This can lead to hyperchloremic acidosis, and
aresultant increased load on the respiratory system. Lactated
Ringer’s solution can be substituted if hyperkalemia and
liver function are not concerns and acetate or bicarbonate can
be used as needed. It is important to avoid vasodilatory drugs
in this setting as they can cause acute hypotension.

Cardiogenic Shock

Cardiogenic and obstructive shock will similarly have evi-
dence of high SVR, but will have evidence of increased fill-
ing pressures (JVD, hepatomegaly, increased CVP). The
major distinction to make is whether there is truly myocar-
dial pump failure or impaired filling (decreased compliance)
of the ventricles. The mechanism of impaired filling is some-
times suggested by the history and physical examination.
The patient with acute shock on high ventilator settings
could have a tension pneumothorax, while the patient with
uremia and distant heart sounds might have pericardial tam-
ponade. In the absence of myocardial dysfunction, initial
fluid resuscitation will help to overcome the deficit in
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compliance of the heart. Tension pneumothorax and pericar-
dial tamponade require tube drainage.

If myocardial failure is suspected, fluid therapy should be
in small aliquots with careful reassessment, as excessive
fluid can make cardiac output worse. With impaired filling of
the heart, pure vasoconstrictors are beneficial as they keep
the blood pressure up without increasing heart rate, which
would lead to further decreases in diastolic filling time. In
the setting of myocardial failure, combined inotropes and
vasodilators will improve the cardiac function and reduce the
work the heart must do. However, if the patient has border-
line blood pressure, this can result in frank hypotension. In
this case, an inotrope in combination with a vasopressor
(milrinone plus vasopressin) or a drug with combined effects
(low-dose epinephrine) is a safer choice.

Distributive Shock

Distributive shock is classically due to sepsis, though spinal
shock, anaphylaxis, and many intoxications also cause vaso-
dilation that impairs perfusion of vital organs. In addition to
fluid therapy, these patients commonly need vasoconstrictors
to restore normal blood pressure. Unlike adults, children
with sepsis typically do not have measurably impaired myo-
cardial function, though this can be unmasked with vasocon-
strictors. Therefore, if the peripheral perfusion deteriorates
but other markers of shock fail to abate, reinvestigation of
volume status and myocardial function is warranted. In this
setting and in others, echocardiography can be used to assess
cardiac function. Given the global impact of septic shock on
mortality, the Surviving Sepsis Campaign regularly updates
the evidence for specific therapies in sepsis and septic shock.
These guidelines also outline considerations that are unique
or specific to children.

It is important to remember that progressive, untreated
shock of any kind can progress to a profound vasodilatory
state with cold extremities and impaired myocardial func-
tion. In this setting, it can be extremely difficult to determine
whether additional fluids, vasoconstrictors, or inotropes are
required. And frequently all three are needed in addition to
improving the metabolic milieu (particularly pH and ionized
calcium). In adults, vasopressin has some theoretical advan-
tages in late shock compared to other vasoconstrictors,
though there are no data specific to children. Ultimately
patients may be refractory to medical support and require
ECMO to restore systemic oxygen delivery in this setting.

Neurogenic shock occurs after a traumatic spinal cord
injury above the level of T6. This a specific type of distribu-
tive shock in which there is an acute loss of sympathetic
innervation, which results in global venous and arterial vaso-
dilation, classically accompanied by bradycardia, caused by
unopposed vagal stimulation of the heart.
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Future Considerations

Supportive therapy for shock remains the mainstay of ther-
apy, but future studies will hopefully identify specific media-
tors of specific shock states and mechanisms to improve
microcirculatory function. Future studies will hopefully
resolve controversies such as type of resuscitation fluid to
use in specific shock states and the appropriate indications of
adjunctive medications such as steroids. With continued
improvements in outcomes from pediatric shock, the long-
term consequences in shock survivors will require additional
study.

Editor’'s Comment

Shock is a multidisciplinary disease that demands a calm and
systematic approach to assessment and treatment. One of the
challenging things about shock in children is that the param-
eters for normal and abnormal vital signs vary with age.
Furthermore, children can be in a compensated state of shock
and therefore “not look that bad.” A number of institutions
have implemented the use of a shock tool to recognize shock
based on age-specific vital signs. For experienced clinicians,
the most sensitive indicator of shock in a child is often per-
sistent tachycardia. If resuscitation has not begun in earnest
but the heart rate starts to rapidly fall back to normal, this is
an ominous sign that cardiovascular collapse is imminent
and that CPR will need to be initiated within minutes to
seconds.

All accepted critical care protocols (ACLS, ATLS, PALS)
explicitly address the patient in shock. The ABCs should
always be assessed first, although in reality multiple issues
are addressed simultaneously. Most children in shock, unless
they respond rapidly to initial fluid boluses, should be intu-
bated and mechanically ventilated. After securing the airway
and establishing adequate ventilation, fluid resuscitation
should always be initiated aggressively but judiciously to
avoid fluid overload and pulmonary edema. If clinical param-
eters fail to improve despite seemingly adequate fluid resus-
citation, pressors should be considered next, but always
remember that the goal of therapy is to restore tissue perfu-
sion—any intervention that increases central pressure at the
expense of peripheral tissue perfusion is counterproductive.
This is why the use of drugs that induce intense peripheral
vasoconstriction (norepinephrine) should be considered only
as a last resort, if ever.

Given their characteristic clinical presentations, the
common causes of shock (sepsis, hypovolemia, anaphy-
laxis) and even the less common causes (cardiogenic, neu-
rogenic) are usually fairly easy to spot, especially when the
history is known. However, there are rare causes of shock
that should be considered when the presentation is not so
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clear-cut. Spontaneous pneumothorax, typically occurring
in tall, thin teenagers who smoke, can occasionally result in
tension pneumothorax and shock. Careful physical exami-
nation and immediate thoracostomy can be life-saving
(there is no time for a chest X-ray). Pericardial tamponade
is also quite rare but should be considered in the child who
presents with what otherwise appears to be cardiogenic
shock. Physical examination (muffled heart sounds, pulsus
paradoxus) and US should be used to confirm the diagnosis.
Occult bleeding can cause hypovolemic shock after trau-
matic injury (scalp laceration, femur fracture, hemothorax),
or in association with a GI source (esophageal varices) or
massive hemolysis (toxins, rare infections). It is also easy to
underestimate the ability of severe dehydration to cause
shock in a child.

ECMO is increasingly considered a final option in children
with refractory but otherwise potentially reversible shock.
Though still somewhat controversial and certainly in need of
evidence-based protocols to streamline the process, we have

used it with some success in children with cardiogenic shock,
septic shock, and idiopathic cardiovascular collapse, espe-
cially when triggered or accompanied by concomitant respi-
ratory failure.
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Electrolyte Abnormalities

Adam Szadkowski and Michael Wilhelm

Maintenance of adequate circulating volume is the mainstay
of fluid therapy, and children are at increased risk of hypovo-
lemia for multiple reasons. Total body water (TBW) makes
up a greater percentage of body weight in neonates and
infants. Approximately 2/3 of the TBW is in the intracellular
space, while the remaining 1/3 is in the extracellular space.
These calculations are important when considering how
drugs and electrolytes distribute between the spaces and
determining appropriate doses. Sodium, for example, pre-
dominantly distributes in the extracellular space, while
potassium is predominantly an intracellular cation.

When circulating volume is rapidly expanded with isotonic
fluids (crystalloid or colloid), it is important to recall that the
tonicity of administered fluid must be considered. The fluid
should not be hypotonic as this can cause hemolysis. To pre-
vent excess sodium (and chloride) administration at the rela-
tively high fluid rates required by children, dextrose is often
used to increase the tonicity of administered fluid. This can
cause hyperglycemia, particularly if supranormal fluid rates
are required for any reason. As the body metabolizes the dex-
trose, there is also the risk of making the patient hyponatremic
if fluids with a lower sodium concentration are used. Given the
increasing occurrences of hospital-acquired hyponatremia
resulting in volume overload, cerebral edema, seizures, and
even death, we typically administer no less than 0.45 %
sodium chloride (“1/2 normal” saline) as maintenance fluid.

Apart from resuscitation, fluid therapy can generally be
broken down into maintenance fluids and replacement of
losses. Weight-based maintenance fluids were originally
described as a way to approximate basal free water and
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electrolyte requirements. However, the idea that this amount
of fluid is required is imprecise. This fluid rate will promote
a moderate amount of nearly isosthenuric urine output if
renal function is normal. In actuality, a maintenance rate
includes replacement of measurable losses (urine and others)
and insensible (unmeasurable) losses. Unmeasurable losses
due to humidification of inspired air and evaporative losses
from the skin typically approximate 400 mL/m?/day. This
can change significantly by humidification of inspired air,
fever, or loss of skin integrity. But, to truly “maintain” the
patient’s volume status, the most accurate method is to pro-
vide this basal fluid rate and replace losses. In addition to
urine, important sources of measurable losses are blood,
drain output, and diarrheal stools.

Practically speaking, in the majority of cases, however,
we start with the standard maintenance calculations: each
hour give 4 mL/kg for the first 10 kg+2 mL/kg for 10-20 kg
and 1 mL/kg of weight over 20 kg. Thus, a 34 kg child would
receive (4% 10+2x10+1x 14=74 mL/h). Our practice has
been to avoid very hypotonic fluids, so our default is 0.45 %
NaCl. When patients are at high risk of developing hypoos-
molality or significant morbidity if they become hypo-
osmolar (intracranial hypertension, diabetic ketoacidosis),
we use normal saline. Lactated Ringer solution is used far
less commonly in pediatrics outside the OR as children fre-
quently tolerate the hyperchloremic acidosis induced by
large volumes of saline. However, as long as the patient has
adequate clearance of lactate, LR is a reasonable replace-
ment or resuscitation fluid, particularly if large bicarbonate
losses are occurring.

For dehydrated patients, the volume deficit must be
replaced—maintenance fluids as well as replacement of
ongoing losses. With isonatremic dehydration, ¥ of the fluid
deficit is replaced in the first 8 h followed by replacement of
the second %2 over the subsequent 16 h. In order to avoid sig-
nificant shifts in sodium concentrations, we typically replace
the fluid deficit more slowly in either hyponatremic or
hypernatremic dehydration. As long as the patient is not in
shock, the deficit can be replaced over 48 h in most patients.
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Colloid solutions are used infrequently in pediatrics, but
5 % albumin can be used to replace albumin losses when
highly proteinaceous fluids (ascites) are being lost. The rate
of replacement depends on the volume of losses as well as
the concentration of albumin in the fluid.

In addition to fluid requirements and derangements, chil-
dren are similarly at higher risk for electrolyte disturbances.

Sodium

Sodium is the main osmole in serum under normal condi-
tions. It regulates the size of the extracellular fluid (ECF)
space and is responsible for the depolarization of neurons
and other excitable cells. Acute significant changes in serum
sodium can therefore have life-threatening consequences.
Gradual changes in sodium concentration are often well tol-
erated because the body can adapt through a variety of mech-
anisms. This in turn requires slower correction to allow the
reversal of these adaptive responses; a good general rule is to
correct over the same time period that the abnormality
occurred. Because sodium is the major electrolyte in the
ECF, abnormalities can be due either to primary sodium or
water abnormalities or both. Therefore, the patient’s volume
status is critical to understanding the mechanism, and appro-
priate treatment, of sodium derangements.

Hyponatremia is defined as a serum sodium of less than
130 mEq/L and is the result of having an overall deficit of
sodium relative to free water. This drops extracellular osmo-
lality and promotes fluid shifts into cells, as well as easier
depolarization of neurons. As sodium levels continue to
decrease to around 120-130 mEgq/L, clinical symptoms
including headache, restlessness, disorientation, lethargy,
and even seizures may appear. With changes occurring
slowly (many hours to days), adaptive responses may limit
symptoms by the reduction of intracellular “idiogenic”
osmoles, thereby preventing excessive intracellular edema.
Acute, symptomatic hyponatremia should be corrected
quickly to levels that eliminate symptoms, but then correc-
tion should be slowed to prevent osmotic demyelination syn-
drome. Correction rates of 0.5-1 mEq/h have been reported
without morbidity or mortality. An acute increase in sodium
by 3-5 mEq/L is often enough to reverse symptoms and can
be achieved with 5 mL/kg of 3 % NaCl (hypertonic saline).

Hyponatremia can be broken down into causes with
increased salt loss and those with exaggerated water reten-
tion. With salt loss from vomiting, diarrhea, abnormal skin
losses (extensive burns, cystic fibrosis), or renal salt losses
(cerebral salt wasting, certain drugs), antidiuretic hormone
(ADH) levels are elevated because of decreased effective
arterial volume (hypovolemic hyponatremia). Treatment is
replacement of the sodium deficit and ongoing losses
and, when possible, treatment of the underlying cause.
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The sodium deficit can be estimated as total body water x
(goal sodium —current sodium). This amount of sodium can
be replaced over 48 h by increasing the amount of sodium in
the fluid volume provide over that time.

ADH levels are appropriately elevated in many causes of
hypervolemic hyponatremia. Congestive heart failure, hypo-
albuminemia (liver failure, nephrotic syndrome), and sepsis
all cause decreased effective circulating volume. Treatment
consists of correcting dangerously low sodium, though typi-
cally the hyponatremia is milder and treating the underlying
cause is sufficient. In all cases, serial measurement of serum
sodium is imperative as any approach to treatment is merely
an estimate and many patients have ongoing salt and water
losses that are not accounted for.

The syndrome of inappropriate ADH release (SIADH)
deserves special mention. The vast majority of ICU patients
with hyponatremia have appropriate ADH in response to
effective hypovolemia. However, in patients who are
euvolemic or hypervolemic without decreased effective cir-
culating volume, the ADH release may be primary and inap-
propriate. Retention of free water causes volume expansion;
this in turn causes increased natriuresis that exacerbates
hyponatremia. Patients will have higher urine osmolality
than their low plasma osmolality and be either euvolemic or
hypervolemic. Primary treatment consists of fluid restriction,
which is usually significantly lower than maintenance
amounts. Hypertonic saline is given for acute, symptomatic
hyponatremia.

Finally, hyponatremia also occurs when other osmotically
active substances are in excess such as hyperglycemia or cer-
tain intoxications. In these settings, sodium level should
increase as the other osmole is cleared. Failure of sodium to
increase as the other osmole decreases may herald impend-
ing cerebral edema and should be aggressively monitored
and treated. Pseudohyponatremia is uncommon in pediatrics
and occurs with hyperlipidemia (and hypoproteinemia) due
to expansion of the lipid phase of blood, which does not con-
tain sodium.

Hypernatremia (greater than 160 mEq/L) results from net
water loss or, much less commonly, increased total body
sodium in excess of water. Symptoms of hypernatremia
include but are not limited to muscle weakness, nausea, vom-
iting, and altered mental status. Severe elevations can cause
subdural hemorrhage due to brain shrinkage and rupture of
bridging veins. And, if acute, patients are at risk for the
osmotic demyelination syndrome. Infants are at particularly
high risk given an inability to augment oral intake, risk for
dehydration, and immature renal water retention. Because
treatment promotes falling serum osmolality, caution must
be used to prevent intracellular water shifts and specifically
cerebral edema, particularly if the hypernatremia has been
prolonged (more than 24-48 h). In this case, sodium levels
should be dropped by no more than 0.5 mEq/L per hour.
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Free water deficit can be calculated as [total body water x
(serum sodium— 140)/140]. When patients are dehydrated,
they also have a salt and water deficit that must be corrected,
as must ongoing losses. As with hyponatremia, this merely
provides an estimate (and ideally a conservative estimate to
promote slow correction in chronic cases). Therefore, serial
sodium measurements are imperative in all cases.

The source of free water loss is typically identifiable by
history and examination. In most cases, the patient will have
a low volume of concentrated urine due to increased ADH
levels. In the setting of osmotic diuresis, as occurs in diabe-
tes mellitus, the urine may appear dilute, but will have a high
osmolality (and specific gravity). On the other hand, high
volume of truly dilute urine in the setting of hypernatremia
suggests diabetes insipidus (DI). DI can be central or neph-
rogenic and both can be genetic or acquired. In addition to
volume restoration and gradual lowering of serum sodium,
patients with central DI will require vasopressin replace-
ment. Vasopressin is typically given as an infusion and
titrated to urine output and appropriate rate of sodium
decline. Once a stable regimen can be established, patients
are transitioned to longer-acting dDAVP. Nephrogenic DI is
much more difficult to treat as the kidneys do not respond to
vasopressin. Thiazide diuretics and replacement of urine
output may be required.

Potassium

Unlike sodium, potassium is predominantly intracellular,
but serum levels greatly affect the activity of electrically
active cells. Therefore, potassium must remain in a narrow
range to avoid life-threatening arrhythmias and neuromus-
cular compromise. Due to its intracellular predominance,
large changes in serum potassium can occur quickly due to
intracellular (or extracellular) shifts. This can be used thera-
peutically, but also makes the differential diagnosis a bit
more complicated.

Hypokalemia is defined as having a serum potassium
level of less than 3.5 mEq/L. Symptoms are predominantly
cardiovascular (T-wave flattening or inversion, ST depres-
sion, U waves) and neuromuscular (ileus, skeletal muscle
weakness). When extreme, hypokalemia may cause respira-
tory failure and life-threatening arrhythmias. However, mild
and even moderate hypokalemia is often well tolerated
unless patients are on digoxin or have underlying arrhyth-
mias. When rapid correction is needed, IV potassium
replacement is required, though in general enteral replace-
ment is preferred when possible because it more stably and
safely increases serum potassium. Doses range from 0.25 to
1 mEq/kg and should be given over an hour or more when
IV. Concentrated potassium infusions (more than 40 mEq/L)
should be given centrally to avoid risk of soft tissue necrosis
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in the case of extravasation. Careful monitoring of potassium
levels and ECG should be performed, particularly with IV
replacement. In some institutions, this must by policy be per-
formed in an ICU or other monitored setting.

Hypokalemia can be due to lower total body potassium or
intracellular shift. Insulin, alkalosis, and beta-agonists (exog-
enous or endogenous) all cause intracellular shifts of potas-
sium and lower serum potassium levels despite normal total
body levels. Loss of potassium typically occurs in the kidney.
Increased aldosterone causes sodium retention and potassium
excretion. Aldosterone release is stimulated by effective hypo-
volemia (CHF, hypoalbuminemia) as well as actual dehydra-
tion. Other causes of high aldosterone levels include endocrine
tumors (Wilms’ tumor), malignant hypertension, and renal
artery stenosis. Diuretics (especially loop diuretics) and other
drugs can cause renal potassium wasting. Renal potassium
wasting is also enhanced when patients are polyuric, particu-
larly if they are acidotic, which promotes extracellular shift of
potassium. For this reason, patients with diabetic ketoacidosis
are often profoundly total-body-potassium deficient and will
have marked drops in serum potassium with the initiation of
insulin if not given supplemental potassium.

Hyperkalemia (>6.5 mEq/L) results from excessive potas-
sium intake (usually iatrogenic), a shift of potassium from
the intracellular to the extracellular space, or impaired excre-
tion of potassium. Renal insufficiency, even mild, can dra-
matically worsen hyperkalemia in the setting of an increased
load. Hyperkalemia is a medical emergency as it affects the
action potential in cardiac myocytes and can cause life-
threatening arrhythmias. Hyperkalemia can be artifactual if
the sample is hemolyzed, so the quality of the sample should
be verified. At the same time, hemolysis and other significant
tissue injury (burn, ischemia) can cause marked hyperkale-
mia especially if there is concomitant renal insufficiency.
Other causes include acidemia, impaired renal function,
aldosterone deficiency (congenital adrenal hyperplasia), and
drugs like spironolactone that inhibit tubular secretion.
Finally, exogenous potassium from supplementation (espe-
cially IV), red cell transfusion (especially after prolonged
storage), and TPN all can cause hyperkalemia.

For mild cases (asymptomatic and without ECG changes),
treatment consists of stopping all exogenous potassium
intake and, if renal insufficiency is present, considering
enteral (orrectal) sodium polystyrene sulfonate (Kayexalate).
As levels reach 6.5 mEq/L or ECG changes develop, urgent
treatment focuses on (1) electrically stabilizing the myocar-
dium, (2) promoting intracellular shift of potassium, and (3)
enhancing potassium excretion. Calcium stabilizes the myo-
cardium through complex mechanisms. Initial dosing is
10 mg/kg of calcium chloride if central access is available
or an equivalent dose of calcium gluconate. Additional
doses may be needed if the ECG deteriorates again and
patients may end up with supernormal calcium levels.
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Rapid intracellular shift occurs with alkalosis (hyperventi-
late, bicarbonate 1 mEq/kg) and beta-agonism (nebulized
albuterol). Less rapid redistribution occurs with glucose
(0.5 g/kg) and insulin (0.1 U/kg). In patients who make
urine, furosemide can promote rapid elimination of potas-
sium, while Kayexalate causes ongoing, but much slower,
removal. However, with significant renal dysfunction or for
refractory, severe, or life-threatening hyperkalemia, dialysis
may be required. In all cases, continuous ECG and hemody-
namic monitoring and frequent measurement of blood pH,
glucose, potassium, and ionized calcium levels are required.

Calcium

Calcium is critical for many cellular functions, particularly
in cardiac muscle and vascular smooth muscle. Thus hypo-
calcemia can cause severe cardiovascular compromise.
Cytoplasmic calcium comes from intracellular stores (sarco-
plasmic reticulum) as well as extracellular sources to exert
its effects. Therefore, because neonates have an immature
sarcoplasmic reticulum, they are particularly dependent on
normal extracellular calcium levels. Also, calcium is highly
protein bound (in serum mostly to albumin), but it is the ion-
ized form that exerts its physiologic effects. Therefore, with
hypoproteinemia, the total calcium may be low, yet the
patient may have adequate ionized calcium. Similarly, pH
dramatically affects the binding of calcium to albumin: alka-
losis promotes increased binding and a drop in the ionized
calcium. Therefore, with coexisting acidosis and hypocalce-
mia, as commonly occurs in neonates, we routinely replace
calcium prior to administering bicarbonate as a bolus.

Summary

Volume and electrolyte requirements can vary significantly
between pediatric patients and can change rapidly. Serial
assessment and measurements of electrolytes are critical,
particularly when actively correcting abnormalities. Initial
calculations merely provide estimates, and therapy often
must be tailored to meet the individual patient’s needs. With
acute changes in electrolytes, or when life-threatening symp-
toms exist, rapid correction is needed; otherwise gradual cor-
rection is often safer and well tolerated.

Editor's Comment

Surgeons who take care of children should be aware of the
electrolyte abnormalities commonly seen in children in the
postoperative period. Since most are mild and self-correcting,
it is rarely necessary to even check electrolytes after an
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uncomplicated procedure in a healthy patient who resumes
normal oral intake within 2-3 days of the operation. But
patients who are NPO for many days, have high GI fluid
losses, are being provided parenteral nutrition, or have
another specific risk factor should have a basic metabolic
panel checked periodically. Rarely do they need to have labs
checked more than twice weekly unless there is a dangerous
value that is being aggressively corrected. It is still common
to see daily or twice daily labs being drawn, especially in the
ICU, despite the values being entirely normal for days—this
is wasteful and should be abandoned.

Mild hyponatremia is common in the postoperative period
due to a combination of GI losses, over-resuscitation with
hypotonic solutions and a physiologic stress-induced
SIADH. Our current protocols for fluid resuscitation provide
excess free water, which contributes to hyponatremia, dilu-
tional anemia, and bowel edema. Some enhanced recovery
protocols recommend a slightly lower rate of maintenance
fluids, crystalloid boluses for patients who need extra fluid,
and early reliance on oral intake and thirst to guide fluid
management. It is also common for surgical residents to mis-
takenly use the fluid replacement strategy recommended for
gastric fluid losses (mL-per-mL of Ds /2NS +20 mEq/L KCI)
for all GI losses (ileostomy, diarrhea, biliary drainage),
which are all isotonic and have higher concentrations of
potassium. Hypernatremia is less common and the cause is
usually more obvious, though insensible losses are always
more than anticipated, especially in infants. The most serious
cases of hypernatremia (>200 mEq/L!) have occurred when
parents are instructed to supplement their infant’s formula
with a pinch of salt. Regardless of the cause, correction of
hypo- and hypernatremia should be gradual to prevent brain
injury related to cerebral edema or demyelination.

Hyperkalemia can be dangerous but is almost unheard of
in patients with normal renal function. It is almost always
spurious, especially in infants, due to hemolysis of the speci-
men. Nevertheless, having to prove that it is normal is time-
consuming (delays induction of anesthesia) and potentially
dangerous because potassium is withheld from an infant who
more likely has hypokalemia. This occurs in more than a
third of babies with pyloric stenosis. Hypokalemia must be
profound to have clinical effects but is dangerous because of
the excitement it causes for healthcare providers, who tend to
overreact by giving large amounts of potassium either intra-
venously, which is dangerous, or orally, which induces vom-
iting, making the problem worse. Calmly correcting
acid-base imbalances, replacing potassium losses in GI flu-
ids, and providing moderate concentrations of potassium in
the maintenance fluids or parenteral nutrition solutions are
usually all that is required.

Mild hypocalcemia is relatively common but is more
often spurious in patients with hypoalbuminemia. Patients
who are risk (thyroidectomy) and symptomatic should
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be treated with oral calcium carbonate and calciferol.
Rarely, intravenous calcium gluconate or calcium chloride
is needed and should be administered according to
institutional guidelines for rate and cardiac monitoring.
Hypomagnesemia can be seen in patients with malnutrition
or excessive GI fluid losses, often in conjunction with hypo-
calcemia. Oral magnesium supplements usually work best
but intravenous replacement is occasionally necessary.
Hypophosphatemia occurs commonly after massive hepatic
resection and is due to a transient hyperphosphaturia rather
than consumption by the regenerating liver. It typically
peaks on postoperative day 2 and resolves by day 5.
Supplementation is necessary to prevent life-threatening
hypophosphatemia but will not prevent the underlying
parathyroid hormone spike that is the likely cause.
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Vascular Access

Peter Mattei

Securing vascular access for a child is always very gratifying
but can also be challenging to the point of severe frustration.
Pediatric surgeons should strive to be the best vascular access
experts available anywhere in the hospital or clinic. Children
who need a lifeline in an emergency, for comfort, for nutri-
tion, or for long-term care, depend on us to make sure the
access is placed safely and that it works reliably and pain-
lessly. Any surgically created line should be inserted under
general anesthesia or deep sedation while peripheral lines,
depending on the age and maturity of the child, usually
require only mild sedation. Sterile precautions should be fol-
lowed with meticulous attention to detail and the safety of
the patient should always be monitored and optimized.
Complications from central access procedures can be very
serious and in some cases potentially lethal.

Short-Term Access

Peripheral venous access should be considered first for most
children who need intravenous access, and surgeons should
be skilled in their placement. In the current era of “IV teams,”
it is unfortunately fast becoming a lost art for surgeons, but it
need not be. Surgical residents should learn how to place
PIVs and practice placing them in the OR every chance they
get, not only because it is a valuable skill to have but because
it teaches them a great deal about the handling of tissue and
is another way to achieve the manual dexterity useful in
many other maneuvers surgeons are called upon to perform.

One cannot learn to place a PIV by reading about it; hours
of practice are really the only way. However there are a fewer
pearls to pass along: learn to do it with gloves on; don’t
apply the tourniquet too tightly; be patient when looking for
a suitable vein; wipe with alcohol from proximal to distal
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(toward the patient’s fingertips) to avoid pushing blood up
past the tourniquet; stretch the skin by pulling it distally with
your nondominant hand; when you get a flash of blood, push
the entire needle-catheter unit in a little bit deeper before try-
ing to slide the catheter over the needle; learn how to gauge
the depth of the vein (which is more difficult than it seems);
and have the line to attach to the catheter ready, primed, and
close at hand. One should also develop a short list of favorite
sites—the vein on the ulnar aspect of the back of the hand
and the saphenous vein at the ankle (just superior and ante-
rior to the medial malleolus) are excellent choices. Always
place a catheter of sufficient size for the child and its intended
use, typically one size larger than you think of first. Except in
times of desperation, one should generally avoid the mislead-
ingly named “interns’ vein” as it is very difficult to access
and painful for the patient. Likewise, the antecubital location
should be avoided—it is difficult to secure it properly as it
lies so close to the elbow joint, it should be preserved for
other purposes (phlebotomy), and its use is considered the
mark of the inexperienced and insecure practitioner.

In the heavily sedated or critically ill child with very dif-
ficult access, a saphenous vein cut down at the ankle is an
excellent option. A small transverse incision anterior and
superior to the medial malleolus using sterile technique and
a fine mosquito clamp should allow isolation and control of
the saphenous vein. I prefer to place the catheter itself
through a separate skin puncture just distal to the incision so
that the incision can be sutured neatly without having to
accommodate the catheter coming through it. Traditionally,
the vein was ligated distally, but this is not always necessary
if the vein can be accessed using the needle (rather than by
venotomy) and if bleeding is minimal.

Percutaneous non-tunneled central venous catheters are
useful alternatives in patients who are seriously ill and have
either very poor peripheral access or who need short-term
(<5-7 days) central access for central venous monitoring, par-
enteral nutrition, or vasoactive drugs. Most are made of rela-
tively stiff polyurethane and are therefore prone to infection,
breakage, and complications. Antibiotic-coated catheters
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seem to be less prone to infection. They are usually placed
using the Seldinger technique under circumstances that are
less than ideal. The three most accessible sites are internal
jugular, subclavian, and femoral. The right internal jugular
vein is ideal for most critical care needs given its ease of
access and straight course. Ultrasound should be used when-
ever available (surgeons should be trained and practiced in its
proper use), though one should also be prepared to gain access
to the RIJ vein using only anatomic landmarks for those rare
situations when a US is not available. I prefer an anterior
approach between the two heads of the sternocleidomastoid
muscle. Insert the needle almost perpendicular to the neck
and above the level of subclavian artery, which in most chil-
dren arches slightly above the level of the clavicle and is more
at risk than the carotid artery. The pressure needed to puncture
the skin can be significant, but the subsequent “overshoot”
usually results in the tip of the needle residing within the
lumen of the vein, which becomes obvious when the needle is
lifted to tent up the anterior wall of the vein. Common com-
plications include arterial puncture, hematoma, and vein
thrombosis; rare complications include pneumothorax,
Horner syndrome, and phrenic nerve injury.

Percutaneous access to the subclavian vein is also a fad-
ing art as more institutions mandate open access at the delto-
pectoral groove or internal jugular vein, presumably out of
fear of litigation for pneumothorax and other complications.
Nevertheless, it is a very useful and safe technique when per-
formed properly. A small rolled towel between the scapulae
is all that is necessary to slightly exaggerate the normal
angulation of the clavicles—a large roll is not necessary and
can allow the patient to rock back and forth. Live fluoros-
copy is critical when available. I prefer to access the vein
within the middle third of the clavicle in the sulcus that is
palpable just lateral to the first rib. Here, the vein is very
superficial (1-3 cm deep), and the risk of inadvertent arterial
puncture is lower than the more lateral approach we were
taught to use in adults. Trendelenburg position probably
helps very little to distend the subclavian vein, but it doesn’t
hurt. We also routinely ask the anesthetist to hold positive
pressure ventilation while we try to access the vein as this
might minimize the risk of injury to an inflated lung. One
needs to angle the needle along an imaginary line that inter-
sects the cricoid cartilage rather than the sternal notch. I
place my nondominant middle finger in the sternal notch and
use my thumb to push the shaft of the needle downward so
that the needle is always parallel to the chest wall, never
angled sharply downward in a way that places the apex of the
lung at risk. Except perhaps in children who are the size of a
large adult, the vein will be entered just under the clavicle—
it is almost never necessary to bury the full length of the
needle, which can cause puncture of the subclavian or carotid
artery, the internal jugular vein, trachea, or the endotracheal
tube balloon. The entry of the lumen of the vein might not be
obvious until the needle itself is withdrawn slowly. There
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must be a robust flash and good blood flow or the wire will
not pass easily. Once the vein is entered, turn the needle
slightly so the beveled end is facing proximally, hold the
needle extremely still, and pass the wire until cardiac ectopy
is noted or most of the length of the wire has passed.

It is very common in children for the wire to travel up the
internal jugular vein or opposite subclavian, the first clue
usually being the fact that only a third or half of the length of
the wire passes until an obstruction is encountered. A stan-
dard IV catheter (18 or 16 gauge) can be used as a sheath
while the wire is manipulated under fluoroscopy. The right
brachiocephalic vein origin can be gently compressed by
pressing down on the head of the right clavicle while passing
the wire from the left subclavian side. Likewise, one can use
a finger to compress the internal jugular vein, which prevents
the J-tip from passing cephalad and allows a loop of wire to
go down into the atrium, dragging the tip with it.

The femoral vein should always be considered the central
venous access of last resort. It is difficult to access because
of its proximity to the femoral artery and the fact that it is not
directly medial to but rather also slightly posterior to it.
Catheters in this location are also prone to infection and
kinking.

Surgeons should be trained and certified experts in the use
of ultrasound guidance for the placement of central venous
lines. It has been shown to reduce the incidence of complica-
tions and improve the accuracy of placement of catheters in
the internal jugular vein. It is considered the standard of care
in most institutions but is probably of little benefit for subcla-
vian vein access. A more practical reason to become experi-
enced in US guidance is that due to work-hour restrictions
and the widespread use of PICC lines, the modern resident is
not placing thousands of central lines during their training as
those of us from prior generations did, and therefore the art
of using external anatomic landmarks and the “feel” for just
knowing where that vein is hiding developed over years of
experience have been lost and are unlikely to be brought
back in any meaningful way. The residents simply need to
learn how to use US to place central lines percutaneously and
we need to teach them.

Percutaneous central venous catheters come in many
sizes and varieties. They are single, double, or triple lumen
and typically come in 5, 8, 12, and 15 cm lengths and 4-, 5-,
6-, and 7-French (circumference in mm) sizes. The number
of lumens is based on the intended use of the line (antibiot-
ics, parenteral nutrition, pressors, blood draws). The caliber
of the line is based on weight and age of the child. As a
general rule of thumb, one might use 4 Fr in infants and tod-
dlers, 5 Fr in some toddlers and most children, 6 Fr in some
children and most adolescents, and 7 Fr in large adolescents
and adults. The length of the catheter is chosen based on the
size of the patient and the site of insertion so that the tip of
the catheter ends up in the right location, preferably at the
SVC-right atrial junction or upper right atrium. With experi-
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ence, one eventually learns which catheter is best at any
given site: 8 cm from the right subclavian vein, 8 or 12 cm
from the right internal jugular vein, 12 or 15 cm from the left
subclavian vein, and so forth.

In most institutions, peripherally inserted central catheters
(PICC) are inserted not by surgeons but by radiologists, neo-
natologists, and nurse practitioners. They are generally well
tolerated and are useful in situations in which a central line is
needed for 2-6 weeks. However, they are fraught with com-
plications, including thrombosis, infection, dislodgement,
phlebitis, breakage, and unplanned return to the ED. They are
also expensive to place and maintain, are occasionally used
by patients for injection of illegal drugs, and are probably
overused. One should consider an alternative such as periph-
eral IVs, highly bioavailable oral antibiotics, or nasogastric
feedings rather than being quick to recommend a PICC line.

Long-Term Access

Catheters that are needed for more than a few weeks are tun-
neled and generally made of silastic polymer. In most institu-
tions these include the Broviac (Hickman) catheter and the
subcutaneous venous access port. Ports are generally pre-
ferred for patients who need intermittent infusions but not
for those who need continuous infusions (parenteral nutri-
tion) because of the risk of infection and skin breakdown
(due to being accessed with a needle for long periods of
time) or for drugs that are sclerosants due to the risk of local
soft-tissue necrosis in the event of inadvertent needle dis-
lodgement. They are preferred in general because when not
in use, the child may bathe and swim and there is no external
portion of catheter that might become snagged or cause
annoyance. Downsides include the need for a larger incision,
the need to access it by passing a needle through the skin,
and the fact that when infected they are usually more likely
needed to be removed. Ports are also prone to complications
and difficult access in children with morbid obesity, large
breasts, and skin diseases (especially graft-versus-host dis-
ease) or who are emaciated and malnourished. They should
always be placed below Scarpa’s fascia and secured to the
pectoralis fascia rather than have only skin covering them.
Ports can theoretically be left in place for years; however,
it has been our experience, especially with the smallest ports,
that ports that have been in place for more than 3 years tend
to be very difficult to remove: the silastic polymer tends to
dry out and crack, creating tiny crevices for scar tissue to
intercalate, and we have had several that have broken off,
creating a retained foreign body situation or, in some cases,
an actual pulmonary embolus. Although the best advice is
probably to plan to remove or replace the port every 2-3
years, there are a few tricks when removing the port to help
avoid this scenario (and the subsequent and obligatory road
trip to interventional radiology): gentle tugging on the cath-
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eter, prolonged steady traction without increasing the tension
excessively and just being patient until it starts to slip; open-
ing the incision in the neck or subclavian region so that the
catheter can be pulled out straight rather than creating a
tissue-pulley situation by trying to pull it out from below;
passing a guide wire through the lumen and using the outer
sheath of a peel-away introducer to slide over the outer sur-
face of the stuck catheter; theoretically shearing off the
fibrous tendrils holding it in place (the risk of course is push-
ing it into the body even further); and cutting down on the
catheter practically into the vein, though many of these have
been incorporated into the endothelial wall of the vessel
itself. When they break off, they are usually stuck to the wall
of the vein, having been wallpapered over by the neointima.
As such, while they likely pose little if any danger to the
patient, the anxiety it creates for parents can be extreme.

Choosing the appropriate size of catheter is important.
The catheter needs to be big enough to be used for blood
draws and resist clotting but small enough to minimize the
likelihood of vein thrombosis. Single-lumen Broviac cathe-
ters usually come in 2.7 Fr for preemies, 4.2 Fr for infants,
6.6 Fr for children weighing more than 10 kg, and 9.6 Fr or
larger for adult-size patients who for some reason need a
larger catheter (most teenagers do well with 6.6 Fr). Double-
lumen Broviac catheters come in 5 Fr, 7 Fr, and 10 Fr. The 7
Fr catheter is a standard and very reliable catheter in most
patients between 10 and about 80 kg. Because the smaller
lumen has a tendency to clot off early, the 5 Fr double-lumen
catheter is very unreliable and should be avoided. Ports come
in 5 Fr for infants, 6.6 Fr for those who weigh more than
about 10 kg, and 9.6 Fr for children who are morbidly obese
or who have very large breasts. Double-lumen ports are more
difficult to place (the tip cannot be cut to length because the
catheter needs to be placed over the hub of the port itself;
they are often of an awkward shape and are difficult to han-
dle) and usually come in 7 Fr or 10 Fr sizes.

Placement of a Broviac (pediatric Hickman) catheter,
port, or permanent hemodialysis catheter can be very diffi-
cult and demands patience, an absolutely meticulous
approach and sometimes ingenuity to do it well. These lines
are lifelines for these kids, and we owe it to them to place a
line that is functional but also easy to maintain, safe, and
durable for the length of their treatment. Even a meticulous
surgeon needs to be even more fastidious than usual when
placing these lines. Except in the most exceptional and truly
desperate situations, these are never placed in a femoral vein.
Likewise, general anesthesia is strongly preferred. I place a
very small rolled blue surgical towel between the shoulder
blades to slightly exaggerate the posterior inclination of the
clavicles and to expose the anterior aspect of the neck some-
what. I always sterilely prepare the entire neck and chest so
as to have access to all four traditional sites of access.
Everyone has their preferred sites and for me the order of
preference is RIJ, LSC, RSC, and LIJ. Some believe subcla-
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vian vein access results in thrombosis that can affect a child
throughout life (especially if they ever need to have a shunt
placed for hemodialysis) and therefore prefer to use an inter-
nal jugular vein whenever possible. I also always prefer a
percutaneous approach rather than a cutdown mostly for cos-
metic reasons and to try to avoid having to sacrifice the vein
by ligation or thrombosis. The external jugular vein, though
often tempting us with its deceptive prominence, is very
unreliable, and its attachment at the central veins is often
weirdly angled, making central passage of the catheter frus-
trating or impossible.

Once the wire has been placed centrally and secured (only
so that it is not snagged by the inattentive operator, they do
not get sucked in), a site is chosen for the Broviac or port to
be placed on the chest. For Broviacs I prefer a paramedian
location near the lower sternum, though large breasts can
make this impractical. I avoid the upper chest whenever pos-
sible for cosmetic reasons and the axilla, lateral chest, or
abdomen for practical and infectious reasons. Once a small
incision has been made, create a small subcutaneous pocket
for placement of the cuff, preferably below Scarpa’s fascia,
directly cephalad to the incision, and tunnel the catheter
using any of several tools (silver probe, tunneler provided in
the manufacturer’s kit, tendon passer) around the breast tis-
sue and in such a way that the catheter travels in smooth arcs
without kinking and arrives at the venous puncture site below

the platysma so that it does not end up directly against the
skin incision of the insertion site. The cuff should be 1-2 cm
above the incision but should be pulled up farther at first so
that one can feel the cuff being held back by one of Cooper’s
ligaments when gentle traction is placed on the catheter. This
prevents the cuff from working itself out without having to
place it a long distance from the incision. The tip of the cath-
eter, cut straight across, should be at the SVC-RA junction,
which on AP chest fluoroscopy is at the point where it appears
to be just entering the atrium (the SVC enters on the posterior
wall of the atrium) or just below the visible lucency of the
right mainstem bronchus (Fig. 10.1). A little deeper than this
is ok too, but the lower half of the atrium is where the tricus-
pid valve is and should be considered too deep. The catheter
must be pointing caudad in all projections, must not be flick-
ing excessively during the cardiac cycle, and must draw back
and flush with no resistance. Achieving this ideal position
can be difficult and requires experience and patience. I keep
the peel-away sheath in place until I have trimmed the cath-
eter to size, sometimes pulling out and replacing the catheter
several times. Others use external landmarks or a mathemati-
cal formula based on the length of the wire, but regardless it
is absolutely critical that the catheter tip be in the best posi-
tion possible when the child leaves the OR, even if that means
removing it and placing a brand new one, whatever it takes to
make it as close to perfect as possible. It also cannot be sim-

Fig. 10.1 Ideal placement of the catheter tip for central venous lines
placed in the internal jugular or subclavian vein. (a) The zone delin-
eated by the gray lines and labeled “1” is the RA-SVC junction and
is the ideal location for the catheter tip. The zones labeled 2 are usu-
ally also acceptable though not ideal locations. Wherever the catheter

tip resides, it must be pointing straight down, away from the wall of
the SVC or atrium, in both AP and lateral projections. (b) Some pre-
fer to use the carina as a guide, in which case the RA-SVC junction
(““1”) has identified two vertebral body units below the level of the
carina (“C”)
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ply left in the mid- or upper SVC as it will have a tendency to
flip up into the more proximal veins with movement or when
forcibly flushed with a syringe under pressure (a trick that
can also be used to force an errant catheter tip out of the sub-
clavian or jugular vein and back into the atrium). Once in
place and flushed, it should be stitched to the skin near the
entry site with two fine monofilament sutures using a Roman-
sandal technique and a dry sterile dressing applied according
to institutional protocols.

The best place on the chest for a port in a boy is in the
upper chest lateral to the manubrio-sternal joint, and in a
girl in a more lateral infraclavicular location closer to the
shoulder for aesthetic reasons or even very close to the
clavicle in girls with large breasts. In rare cases an unusual
location such as the inner arm, lateral chest, or abdomen is
requested, though these are fraught with significant logisti-
cal problems and access-related issues. I prefer a transverse
incision with creation of a subcutaneous pocket between
the Scarpa’s fascia and the pectoralis fascia inferior to the
incision. I use two monofilament sutures to tack the port to
the pectoralis fascia and then tunnel and insert the catheter
as per usual. Passing the dilator or peel-away sheath should
be considered a potentially dangerous maneuver as the
SVC or right atrium can be punctured if not done with
deliberate caution and smooth precision. The port incision
is closed in layers with interrupted absorbable sutures and
cyanoacrylate glue. If it is to be used within a few days, it
should be accessed with a right-angle Huber needle,
flushed, and dressed.

Tunneled hemodialysis catheters are placed like Broviac
catheters except that they are stiffer and larger and needle to
be tunneled with even larger arcs and smoother bends than
the more pliable and forgiving Broviac catheter. This usu-
ally means bringing it out near the axilla or lateral chest
wall. They can also not be cut to size, and therefore it takes
planning to make sure the cuff sits an appropriate distance
from the skin insertion site and the tip of the catheter is in
an appropriate location. The distal tip should usually sit in
the mid-atrium so that the proximal tip is at the VC-RA
junction. I usually make the skin incision longitudinal and
err on the side of making it too close so that it can be
extended and the Scarpa’s fascia and skin can be closed
over the cuff if it has to be pulled back somewhat. These
need to function flawlessly for however long the child needs
it, often many months.

Removing a Broviac catheter should be straightforward
and though in older children it can be done under sedation, it
is usually best done under deep sedation or general anesthe-
sia. The cuff is dissected free and the catheter removed.
I routinely close the skin incision with skin glue and some-
times a stitch and have never had an infection. Alternatively,
ointment can be applied and the wound allowed to close
by secondary intention. Ports can usually be removed by
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opening the prior incision. I do not routinely excise the pseu-
docapsule and instead close the wound in layers and skin
glue while holding pressure at the vein entry site.

Cutdown Techniques for Central Access

For those uncommon situations when percutaneous access is
not an option, the surgeon should be able to access the femo-
ral vein via the saphenous vein in the thigh, the subclavian
vein via the cephalic vein at the deltopectoral groove, and
internal jugular vein by way of the external jugular or facial
vein in the neck. These skills are only obtained by practice
but frequent review of a good surgical atlas is useful. Though
not a cutdown, intraosseous access is underrated and under-
utilized. It is used most often in the trauma bay but is very
safe and extremely versatile—another skill with which a
pediatric surgeon should be very familiar.

The facial vein is especially useful in small preemies. The
patient should be properly anesthetized and the arms pulled
down gently with tape to expose the right side of the neck.
A small transverse incision is made just anterior to the sterno-
cleidomastoid muscle below the angle of the mandible. I make
the incision directly over where I think the 1J lives so that if the
facial vein is absent or too small, direct entry to the 1J is an
excellent plan B. The facial vein usually resides just below the
platysma and can be ligated and entered through a small venot-
omy. These are usually small infants so a 2.7 Fr or 4.2 Fr cath-
eter is used and tunneled after the vein is controlled with
sutures. If the 1J is used instead, it is better not to ligate it dis-
tally and instead pass the tip of the catheter which has been cut
at a sharp angle through a venotomy created with a 20-gauge
needle, allowing a watertight seal around the catheter and
obviating ligation or a purse-string suture, which is near impos-
sible in such a small vein anyway. You still need to control the
proximal and distal 1J with ties but ligation should be rarely
necessary. Making sure the tip is in a good position is much
more difficult given that fluoroscopy is rarely available in the
NICU but takes practice to get right based on external land-
marks. The nipple line is usually a good guess in most infants.

Radial arterial lines are often useful though probably
overused in the PICU and in the OR. Pediatric surgeons
should become experts in the percutaneous approach, which
should always include the use of sterile technique, a guide
wire, and the option of using US guidance. Cutdowns for
arterial access should also be in the armamentarium but only
used when absolutely necessary. It is important to have good
lighting, magnification, and delicate instruments. The artery
in children is always very small, prone to spasm, and easily
confused with nerves and tendons in the wrist. I never ligate
the artery and prefer to place the catheter through a separate
skin puncture so the incision can be closed neatly with absorb-
able sutures without having a catheter coming through it.
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Complications

If a line is placed without difficulty and the tip position is
confirmed by fluoroscopy or CXR in the OR, then a postop-
erative radiograph is unnecessary. Pneumothorax is rare and
can usually be observed unless symptomatic or enlarging.
Hemothorax is also rare but can be difficult to manage if
caused by injury to the inferior aspect of the subclavian
artery in the chest and can be life threatening if caused by
puncture of the sidewall of the SVC with a dilator. Catheters
that are left deep in the atrium can perforate the atrium and
create pericardial tamponade. This can occur with hyperos-
molar solutions or parenteral nutrition and is potentially life
threatening. If recognized in time, the catheter can often be
simply removed but contingencies need to be made for pos-
sible bypass, thoracotomy, and repair of the injury. Catheter
tips situated deep in the atrium can also cause arrhythmias,
especially SVT. These should almost always be replaced and
pulled back a few centimeters to avoid the conduction path-
ways of the heart. Infection can often be treated effectively
with antibiotics alone, but if bacteremia persists the catheter
will need to be removed and then replaced, preferably more
than 24 h after removal rather than at the same operation.
This is especially true for infections caused by encapsulated
organisms or fungus. Although these are typically endovas-
cular infections, the old skin entry site can apparently harbor
organisms for weeks or months and therefore it is usually
advisable to use a completely different skin site for the new
catheter. Small catheter-associated thrombi are probably
much more common than we appreciate, especially with
PICC lines. Although it is unclear if they are always clini-
cally significant, when identified, even incidentally, they
tend to induce significant anxiety and frequent recommenda-
tions for therapy with anticoagulants.

Lines whose tips have flipped back into the subclavian
vein or jugular vein can sometimes be repositioned by forc-
ibly injecting saline under high pressure with a 10 mL
syringe, which can cause the tip to be propelled into the SVC
by action of the jet created, similar to what happens on a
large scale with a fire hose. This is usually best done under
real-time visualization with fluoroscopy. When the cuff of a
Broviac catheter becomes extruded, it is at high risk for
infection and dislodgement and should therefore usually be
replaced somewhat urgently.

Ports can be difficult to access if they are too small and too
deep or if they have flipped upside down. This is especially a
problem in morbidly obese patients and in girls with very
large breasts. Some will place the port between the skin and
the breast tissue or cut away breast tissue to minimize the
amount that obscures the port. Some place the port near or
practically on the clavicle with some success. Regardless, it is
important to place a very large port in these circumstances.

Breakdown of the skin overlying a port is a con-
cern in patients who are emaciated, have skin diseases
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(especially graft-versus-host disease), have ports that have
been placed too superficially (covered only by skin), or have
frequent or continuous needle access. If the port is visible
through the skin, it cannot be salvaged and it needs to be
removed and moved to a completely new site. Many extrava-
sations and hematomas can be managed with port rest but
frankly purulent fluid bathing, the port requires port removal
in every case. Every institution should have guidelines for
who can safely receive a port and who should be recom-
mended for a Broviac catheter. Relative contraindications to
use of a port include morbid obesity, large breasts, malnutri-
tion or emaciation, osteogenesis imperfecta (rib fracture),
graft-versus-host disease, and other dermatologic conditions
associated with open sores or poor wound healing, severe
neutropenia, or thrombocytopenia, some connective tissue
disorders and certain cognitive or psychiatric disorders that
would prevent safe handling or maintenance of an imbedded
access needle for long periods.

Summary

In any hospital that takes care of children, pediatric surgeons
should be the experts in all forms of vascular access, espe-
cially when a child needs a well-placed and well-functioning
long-term access or for critical access in an emergency. We
are also the go-to folks when a line is malfunctioning,
becomes infected, or needs to be replaced, even if the line is

“someone else’s” and especially when the stakes are high.

Most importantly, all access procedures demand meticulous
attention to detail and careful precision.
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AKI historically has been poorly characterized, but recent
algorithms have defined it using changes in serum creatinine
(or estimated creatinine clearance) and oliguria or anuria.
These are often late signs of decreased renal function and are
relatively inaccurate markers of AKI. Moreover, serum cre-
atinine often varies with age, sex, muscle mass, muscle
metabolism, exercise, and hydration status. Nevertheless,
these methods are in widespread use both for bedside assess-
ment and clinical investigation. Over the past decade, several
AKI biomarkers have been identified though their value in
predicting AKI remains under investigation. The risk injury
failure loss end-stage (RIFLE), pediatric RIFLE (pRIFLE),
and acute kidney injury network (AKIN) criteria are similar
categorical scoring systems for stages of AKI and have been
evaluated in pediatric patients yielding similar associations
with poorer prognosis as AKI stage increases. In 2012, the
Kidney Disease Improving Global Outcomes (KDIGO)
group integrated the RIFLE and AKIN criteria into a single
standardized definition (Table 11.1). The KDIGO AKI
guidelines provide a stage-based management scheme for
AKI that incorporates risk assessment in the model.

Due to the lack of consensus in previous definitions,
reported incidence rates of AKI in hospitalized pediatric
patients can vary from less than 1 % in some US studies to
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about a third in pooled worldwide studies. Children most
commonly develop AKI as a consequence of systemic dis-
ease, particularly sepsis (40-50 %), drug-induced nephropa-
thy, and injury to other organ systems rather than primary
renal disease (<20 %) or hemolytic uremic syndrome
(<2 %). Seventy percent of hospitalized patients with AKI
not requiring dialysis survive. Long-term results are excel-
lent with over two-thirds of children with AKI going on to
full recovery of renal function. Nevertheless, the morbidity
and mortality of children with severe AKI is high. In the
perioperative setting, the most important predictors of mor-
tality include hemodynamic instability, underlying systemic
illness severity, and degree of fluid overload. Survival is
better in patients with primary renal disease, whereas
the mortality can be over 50 % in patients with multiple
organ dysfunctions, requiring renal replacement therapy.
In patients who survive severe AKI, there is an increased
risk of chronic renal insufficiency, with about a third of
survivors progressing to end-stage renal disease.

Etiology and Pathophysiology

AKI is categorized functionally as prerenal, intrinsic renal,
and post-renal. AKI can also be classified based on the
amount of urine output into non-oliguric, oliguric, and
anuric (Table 11.2).

In prerenal AKI, a decrease in circulatory volume stimu-
lates the baroreceptors in the carotid sinus and aortic arch,
which leads to the activation of the sympathetic nervous sys-
tem and release of angiotensin II and antidiuretic hormone
(ADH). This results in renal vasoconstriction and increased
sodium and waster reabsorption from the proximal tubule
and collecting duct. Hence patients present with a decrease
in GFR and oliguria and have a low fractional excretion of
sodium (FEy,). In an attempt to maintain glomerular filtra-
tion, the kidney compensates by increasing vasodilatory
prostaglandins and angiotensin II autoregulation, which
cause dilation of the afferent arteriole and constriction of the
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Table 11.2 A differential for AKI

Prerenal

Intrinsic renal

Post-renal

Volume related

Glomerular

Urinary tract obstruction

Intravascular depletion

Hemolytic uremic syndrome

Posterior urethral valves

GI losses

Acute glomerulonephritis

Bilateral UPJ obstruction

Blood loss

Hereditary

Bilateral nephrolithiasis

Burns, hyperthermia

Polycystic kidney disease

Neoplasm

Renal losses (e.g., diabetes insipidus.)

Alport syndrome

Retroperitoneal fibrosis

Ineffective circulation

Sickle cell nephropathy

Ischemic/thrombotic Juvenile nephronophthisis
Abdominal compartment syndrome Vasculitis
Nephrotic syndrome Lupus nephritis

Myocardial dysfunction

Sepsis

Renovascular

Goodpasture syndrome

Renal vein thrombosis

Wegener’s syndrome

Renal artery stenosis

ANCA associated

Neurohumoral signaling dysfunction

Vascular

Hepatorenal syndrome

Hemolytic uremic syndrome

Medications

Malignant hypertension

Calcineurin inhibitor

Renal artery/vein thrombosis

Radiocontrast agents

Cortical necrosis

ACEI and ARB

Tubular/interstitial

Uncorrected pre- or post-AKI

Hypoxic ischemic injury

Medications

Aminoglycosides/vancomycin

Amphotericin B

Poisons

Crystals (acyclovir and methotrexate)

Endogenous toxins

Rhabdo/hemolysis: pigment nephropathy

Exogenous toxins

Ethylene glycol

Methanol

Tumor lysis/urate nephropathy

Trauma

ACEI angiotensin-converting enzyme inhibitors, ARB angiotensin receptor blockers, ANCA anti-neutrophil cytoplasmic antibodies, UPJ

ureteropelvic junction

efferent arteriole in the glomerulus. Any interference in this
pathway can affect GFR.

Intrinsic renal AKI is due to acute tubular necrosis (ATN)
or renal vascular, interstitial, or glomerular diseases. ATN
usually occurs from prolonged ischemia and exposure to
nephrotoxic medications. These lead to damage of the
tubules, especially the proximal tubule and the thick ascend-
ing limb of the loop of Henle (tubular segments with high
energy requirements). ATN progresses through several
phases: initiation, extension, maintenance, and recovery
(Figs. 11.1 and 11.2). The initiation phase starts when reduc-
tion in blood flow further reduces GFR and results in damage
to the tubular cells. This phase can be subtle and oliguria
might be the only sign. Prompt recognition is essential

because early intervention can limit the degree of injury.
Vascular and inflammatory changes occur in the extension
phase, associated with a further decline in renal function. In
the maintenance phase, GFR reaches its nadir and patients
have persistent oliguria and progressive azotemia. The cel-
lular processes in this phase permit repair. The recovery
phase is also known as the “polyuric phase” in which renal
function begins to improve, but the tubular cells still have
poor concentrating abilities. Careful monitoring of fluid bal-
ance in the recovery phase is essential as excess fluid loss can
lead to fluid and electrolyte depletion.

Post-renal AKI is caused by congenital or acquired
obstruction to the wurinary outflow tract bilaterally.
Management is prompt relief of the obstruction.
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Fig.11.1 Pathophysiology of Ischemic

A.K. Kakajiwala et al.

Damage to the proximal tubule and

intrinsic AKI

nephrotoxins

thick ascending limb of Henle

\ Y Y Y 7
Vasoconstriction Tubular Tubular Interstital
TRenin-angiotensin . backleak inflammation
Endothelin obstruction
1Prostaglandin I, by casts *
INitrous oxide ltubular
l fluid flow
TIntratubular pressure
Y
Dwect;#g(r;r:erular > IGFR > Oliguria
Fig.11.2 Relationship Ischemia Repair
between clinical phases and 100 —
the cellular phases of - .
ischemic acute kidney injury s Cefll I'.thL."y W'tz Phases of AKI
(AKI) (data from Basile DP, 804 & fd‘bal':r 'ggs"t‘gction
Anderson MD,. Sutton =
TA. Pathophysiology of acute -
kidney injury. Compr Physiol. 9 60 — )
2012:2(2):1303-1353) ot Microvascular
o injury and . e
& inflammation Redifferentiation,
40 — repolarization
Dedifferentiation, R
migration, N
proliferation
20
Maintenance
0 T T T

Part of the usual stress response to surgery is an increased
secretion of ADH and an upregulation of the renin—angioten-
sin—aldosterone system, resulting in avid salt and water
retention. It is part of the normal postoperative recovery to
have decreased urine output and free water clearance in the
first 12-24 h following surgery. However it is important to
remember that impaired renal function decreases the clear-
ance of many medications commonly used in the periopera-
tive setting, such as antibiotics, anticonvulsants, paralytics,
and H, blockers. Dose adjustments need to be made based on
the GFR and serum drug levels.

Workup
A detailed history is essential. Patients with prerenal AKI

may have a history of fluid loss from vomiting, diarrhea,
fevers, and decreased oral intake. A history of headaches and
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blurry vision suggests hypertension. Weight gain and swelling
suggest fluid overload. Obtaining a detailed list of potentially
nephrotoxic medications including nonsteroidal antiinflam-
matory drugs (NSAIDs), ACEI, aminoglycoside antibiotics,
and vancomycin among others is integral. Recent exposure to
nephrotoxic agents including contrast media can also result in
ATN. Concurrent upper respiratory infection (IgA nephropa-
thy), epistaxis (granulomatosis with polyangiitis), hemoptysis
(Goodpasture disease), recent streptococcal infection (postin-
fectious glomerulonephritis), bloody diarrhea (hemolytic ure-
mic syndrome, HUS), or joint pains and rash (vasculitis) may
suggest glomerular pathology. A search for sources of emboli,
a history of umbilical lines in the neonatal period, and a fam-
ily history of renal disease should be included. Anuria and a
poor urinary stream may suggest outflow tract obstruction.

A thorough physical examination should include assess-
ment of overall fluid status by checking weight and look-
ing for edema. Blood pressure, jugular venous distension,
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Table 11.3 Creatinine: normal values by age

Age Normal creatinine

Newborn 0.3-1.0 mg/dL (27-88 pmol/L)
Infant 0.2-0.5 mg/dL (18-13 pmol/L)
Child 0.3-0.7 mg/dL (27-62 pmol/L)
Adolescent 0.5-1.0 mg/dL (44-88 pmol/L)

Table 11.4 Interpretation of FEy, in children and newborn

FEy\, in FEy, in Urine sodium

children newborn in children
Prerenal disease <1 % <2.5% <20 mEq/L
Intrinsic renal disease >2 % 2.5-35% >40 mEq/L

Table 11.5 Urinalysis and urine microscopy in the evaluation of AKI

Finding on urinalysis/urine microscopy Diagnosis

Nearly normal or minimal proteinuria, few Prerenal AKI
hyaline casts, and/or fine granular casts
Heme-positive dipstick, no RBC

on microscopy

Hemolysis/
rhabdomyolysis

Heme and protein positive on dipstick. Glomerular disease

Dysmorphic RBCs and red cell casts on

microscopy
Muddy brown granular casts and epithelial cells | Ischemic/toxic AKI
WBC and WBC casts on urine microscopy Pyelonephritis/

interstitial nephritis

hepatomegaly, and respiratory sounds will help to assess
intravascular fluid volume. A thorough examination of
mucous membranes, joints, and skin is essential in patients
with suspected glomerular disease. Abdominal examination
might reveal a mass or palpable bladder.

Laboratory studies are often useful. A pre-illness baseline
serum creatinine is helpful in classifying the degree of AKI
using the KDIGO criteria (Table 11.3). A high fractional
excretion of sodium (FEy,) suggests a significant prerenal
component: FEy,=[(urine Na/plasma Na)/ (urine Cr/plasma
Cr)]x100, where Na=sodium and Cr=creatinine
(Table 11.4). Loss of concentrating ability is an early finding
in ATN: urine osmolarity greater than 500 mOsm/kg usually
indicates prerenal AKI; however, lower values are of little
value in differentiating prerenal from intrinsic renal
AKI. Similarly, urine specific gravity is not very useful as it
is affected by the maturity of the kidney and by the presence
of colloids including protein, glucose, and mannitol.
Urinalysis and urine microscopies are important noninvasive
tests in the evaluation of AKI (Table 11.5).

A renal ultrasound is utilized to determine kidney size and
shape and echogenicity of the parenchyma. In AKI, the kid-
neys are usually normal or enlarged in size with increased
echogenicity. In patients with chronic kidney disease, the
kidneys are small and shrunken. Renal ultrasound also helps
to exclude urinary tract obstruction, and a Doppler-enhanced
study can detect vascular occlusion.
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Renal biopsy is helpful in the diagnosis of glomerular dis-
ease. In patients with ATN it is rarely required prior to the
initiation of supportive therapy. Caution should be used in
considering renal biopsy in the critically ill, coagulopathic
patient.

AKI biomarkers provide insight into molecular mecha-
nisms and can be used to direct clinical intervention; how-
ever, because the pathophysiology is so often multifactorial,
a single biomarker may fail to provide a troponin-like diag-
nostic value for early detection. For predicting AKI, a com-
bination of functional and tubular damage biomarkers is
more useful than just the change in serum creatinine. These
include cystatin C, neutrophil-associated lipocalin (NGAL),
kidney injury molecule 1 (KIM-1), interleukin-18 (IL-18),
liver-type fatty acid-binding protein (L-FABP), tissue inhibi-
tor of metalloproteinase 2 (TIMP-2), and insulin-like growth
factor-binding protein 7 (IGFBP7). Urine and plasma NGAL
are emerging as powerful biomarkers for the early detection
of AKI and prediction of adverse clinical outcomes.

Management

Regardless of the cause, initial management should be
directed at mitigating the progression of AKI. The priority in
prerenal AKI is clearly to improve perfusion of the glomeru-
lus. This can be achieved by optimizing intravascular volume
and, as long as cardiac output is not compromised as a con-
sequence, weaning vasoconstrictive medications. With
intrinsic renal disease it is important to minimize or elimi-
nate nephrotoxic medications and treat any underlying renal
disease process. Management of post-renal AKI is usually
invasive and involves endoscopically placed stents or percu-
taneously placed nephrostomy drains. Unfortunately, despite
best attempts, progression to renal insufficiency with fluid
overload, electrolyte abnormalities, and ongoing impairment
in drug metabolism can still occur.

Controlling fluid balance is key. It is not uncommon to
have intravascular depletion even in the setting of total body
fluid overload. Alternatively, reduced GFR or inability to
excrete fluids together with ongoing intake or administration
of further fluids can lead to increased plasma volume, which
in turn can lead to pulmonary edema and cardiac failure.
Determination of volume status is crucial because, depend-
ing on the situation, administration of isotonic fluids, careful
use of diuretics, or both could be appropriate. If addressing
intravascular depletion, there is no clear evidence that any
one isotonic fluid is better than another, but emerging evi-
dence seems to favor balanced fluids rather than high-
chloride solutions such as 0.9 % saline. Blood products are
more likely to remain intravascular and should also be used
when clinically indicated. There is increasing evidence for
worsening risk of AKI with synthetic colloids.
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In the case of fluid overload, diuretics can be utilized.
Loop diuretics inhibit sodium, potassium, and chloride ion
transport mechanisms in the ascending loop of Henle, which
is responsible for 20-30 % of the total reabsorption of sodium
and chloride in the renal medulla. A continuous infusion can
help to avoid the toxicity that occurs with bolus use at high
peak serum concentrations. Loop diuretics also increase
venous capacitance, which can relieve symptoms of volume
overload before their effect on total fluid volume. Thiazide
and thiazide-like diuretics can also be used as an adjunct to
inhibit sodium and chloride reabsorption at the distal convo-
luted tubule. Caution is advised in severe AKI when diuretic
use is less effective and more likely to cause toxicity. If
hypertension occurs in spite of fluid management, calcium
channel antagonists or beta-blockers can be used cautiously.
Despite the fact that the hypertension might in part be due to
dysfunction at the renin—angiotensin—aldosterone axis, ACE
inhibitors should be avoided in the acute phase.

Once euvolemia is achieved, strict fluid management is
essential. Fluid administration should match urine output
plus insensible losses, which are approximately one third of
calculated “maintenance” requirements. In patients who are
mechanically ventilated, humidification of inspired gases
decreases the insensible losses to approximately one-quarter
maintenance.

Although low-dose infusion of dopamine (0.5-2 pg/kg/
min) has been shown in the laboratory to increase renal blood
flow, on meta-analysis it has not been shown to improve out-
comes in clinical practice. Some studies using the selective
dopamine receptor-1 agonist fenoldopam mesylate have
found that it might decrease the incidence of AKI, the need
for renal replacement therapy, length of ICU stay, and mor-
tality, but further studies are required in children. Although
free radicals are thought to contribute in kidney injury, long-
term clinical trials do not uniformly confirm this, so antioxi-
dant therapy cannot be recommended at this time.

Classic electrolyte abnormalities of AKI include hypona-
tremia, hyperkalemia, hyperphosphatemia, hypocalcemia,
metabolic acidosis, and elevated creatinine and blood urea
nitrogen. Limiting additional administration of potassium
and phosphorus may not be sufficient to stop ongoing eleva-
tion. As such, orally administered binding resins, such sodium
polystyrene sulfonate (Kayexalate®) and sevelamer hydro-
chloride (Renagel®) may need to be used. Hyperkalemia can
rapidly become life threatening and additional potassium
must be removed from all IV fluids and parenteral nutrition.
Electrocardiographic findings associated with severe hyper-
kalemia include peaked T waves, prolonged PR interval, flat-
tened P waves, widened QRS complex, bradycardia, and,
eventually, ventricular fibrillation. Treatment with IV cal-
cium, dextrose and insulin, sodium bicarbonate, and loop
diuretics might be necessary to prevent cardiac arrest.
Hypocalcemia is usually the result of hyperphosphatemia and
usually resolves with treatment of the elevated phosphorus.
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Calcium supplementation is not usually required unless the
patient is symptomatic. Metabolic acidosis can be temporar-
ily corrected with sodium bicarbonate, which should be con-
sidered if acidosis is causing hemodynamic changes even
though there are no randomized control trials to support this
recommendation. Refractory electrolyte disturbances and
acidosis sometimes require renal replacement therapy.

Renal Replacement Therapy

Indications for renal replacement therapy include (a) fluid
overload that is interfering with ventilation and provision of
adequate nutrition, (b) severe acidosis or hyperkalemia
refractory to medical therapy, and (c) symptomatic uremia
including pericarditis and mental status changes.

Modalities include peritoneal dialysis (PD), intermittent
hemodialysis (HD), and continuous renal replacement ther-
apy (CRRT). Intermittent HD and CRRT require vascular
access, specialized equipment, trained personnel, and sys-
temic anticoagulation. CRRT is slow and gentle and is useful
in patients with multi-organ dysfunction or hemodynamic
instability. Intermittent hemodialysis is often not well toler-
ated in critically ill patients due to rapid fluid shifts and the
large extracorporeal volume. Peritoneal dialysis is the pre-
ferred modality of dialysis in neonates and small infants. It
has the advantage of requiring less specialized equipment
and personnel and does not require systemic anticoagulation.
All forms of renal replacement therapy require some form of
vascular access or surgical intervention.

Peritoneal Dialysis

Placement of a peritoneal dialysis catheter is a surgical proce-
dure. A curled catheter is usually preferred over a straight cath-
eter as it has more side holes, is less likely to migrate out of the
pelvis and to be occluded by the omentum or bowel, and is less
painful with fills. Some prefer a double-cuff catheter, with one
cuff adjacent to the peritoneum and one in the subcutaneous
tissues. A swan-neck configuration of the catheter enables a
downward-pointing exit site with a long subcutaneous tunnel.
Single-cuff catheters are associated with an increased risk of
exit site infections and peritonitis. These should only be used
in neonates and small children for anatomical reasons or when
PD is being used for shorter durations, as in AKI. The cuff is
placed between the rectus muscle and posterior rectus sheath.
The exit site should be located as remote as possible from other
stomas (vesicostomy, colostomy) and should be pointing
downward to avoid accumulation of dirt. In infants, it should
be placed outside the diaper area to prevent contamination.
Lateral placement of the catheter helps prevent leaks. Partial or
extensive omentectomy at the time of catheter placement helps
prevent catheter obstruction.
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Intermittent HD and CRRT

Well-functioning vascular access is probably the most
important aspect contributing to successful provision of HD
or CRRT. A free-flowing catheter allows for efficient ther-
apy and less circuit clotting. The KDIGO recommends that
the catheter size should be matched to patient size with the
goal of minimizing intraluminal trauma and obstruction to
blood flow while allowing sufficient blood flow for adequate
HD. An acute non-tunneled catheter can be placed at the
patient’s bedside, or a tunneled catheter can be placed by a
surgeon or interventional radiologist. A double- or triple-
lumen catheter should be placed depending on the antico-
agulation used. Circuits running with heparin as the
anticoagulant need only two lumens. Citrate circuits require
a third lumen for calcium replacement. Alternatively, a sep-
arate catheter can be placed for this purpose. Catheters
should be placed preferably in the internal jugular veins,
though this might not be feasible in patients requiring high-
frequency oscillatory ventilation because of the risk of
pneumothorax. Subclavian stenosis occurs in more than
80 % of patients in children who have subclavian catheters.
Although femoral catheters are associated with decreased
risk at the time of placement, they have increased risk of
infection and kinking.

Cardiac Surgery

AKI occurs in up to 50 % of infants who undergo cardiac
surgery and is associated with increased morbidity and mor-
tality. Patients at highest risk are those with low cardiac out-
put, vasodilatory shock, or bleeding, though cardiopulmonary
bypass itself is an independent risk factor. There is no defini-
tive evidence that the use of diuretics, vasodilators, bicarbon-
ate, N-acetyl cysteine, dopamine, fenoldopam, or even early
CRRT prevents or alters the course of AKI after cardiac sur-
gery. Aminophylline is potentially useful but further pro-
spective trials are underway.

Radiocontrast Nephropathy

Radiocontrast administration is associated with renal injury
in children. Contrast medium leads to renal medullary
hypoxia, direct cytotoxicity, or tubular injury secondary to
generation of reactive oxygen radicals. Patients with under-
lying renal impairment, heart failure, diabetes mellitus, or
volume depletion and those receiving concomitant nephro-
toxins, a high volume of contrast, or multiple sequential pro-
cedures are at increased risk. The incidence of renal injury
has decreased since the use of low-osmolar agents has
increased. Prior to the procedure, medications like NSAIDs
and metformin should be withheld, and patients must be
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adequately hydrated. The use of bicarbonate and N-acetyl
cysteine in preventing contrast-induced AKI has not proven
to be beneficial.

Drug-Related AKI

Antimicrobials, antiinflammatories, antiepileptics, and many
chemotherapeutic agents have been implicated in pediatric
medication-associated AKI (Table 11.6). Infants, children
with chronic kidney disease, and children on multiple medi-
cations are at increased risk. The effect is usually mild and
self-limited but only if recognized early and administration
of the drug and all other nephrotoxins are stopped or at least
renally dosed. The indications, alternatives, pharmacokinet-
ics, and potential for drug interactions need to be considered
for each potentially nephrotoxic medication administered in
the perioperative setting.

Acute Interstitial Nephritis

Acute interstitial nephritis (AIN) refers to inflammation of
the renal interstitium and tubular cells. Although the major-
ity of cases are drug related, about 15 % are due to infection
(Table 11.7). Besides viral infections, bacterial (streptococ-
cal, legionella, and leptospirosis), parasitic (schistosomiasis
and malaria), and fungal infections are known to cause
AIN. Autoimmune disorders, metabolic diseases, and heavy
metal ingestion can also result in AIN. The clinical presenta-
tion of AIN consists of nonspecific constitutional symptoms.
The classical triad of fever, rash, and eosinophilia occurs in
less than 10 % of patients. Patients with AIN have sterile
pyuria (specifically eosinophilia), non-nephrotic range pro-
teinuria, and electrolyte abnormalities (hypokalemia, meta-
bolic acidosis) suggestive of tubular injury. Renal ultrasound
will show diffusely enlarged kidneys with increased echo-
genicity. A renal biopsy remains the gold standard for diag-
nosis. Removal of the offending agent, treatment of the
infectious organism or underlying disease along with
supportive therapy, and close observation are all that is
required. Most patients improve after 3-5 days of appropri-
ate treatment.

HUS and TTP

Hemolytic uremic syndrome is characterized by a triad of
microangiopathic hemolytic anemia, thrombocytopenia, and
renal dysfunction. Ninety percent of cases of HUS are sec-
ondary to Shiga toxin-producing E. coli (O157:H7). The
course is severe in less than 10 % of children but can be fatal
due to neurologic (seizures, coma), gastrointestinal (gangre-
nous colitis), renal, or cardiorespiratory complications.
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Table 11.6 Nephrotoxic drugs

Analgesics Calcineurin inhibitors
Acetaminophen, aspirin Cyclosporine
Nonsteroidal antiinflammatory drugs Tacrolimus

Antacids

Cardiovascular agents

Lansoprazole, omeprazole, pantoprazole

Angiotensin-converting enzyme inhibitors

Ranitidine

Angiotensin receptor blockers

Antidepressants/psychiatric medications

Clopidogrel, ticlopidine

Anmitriptyline, doxepin, fluoxetine Statins
Lithium Chemotherapeutics
Haloperidol Carmustine, semustine

Antihistamines

Cisplatin

Diphenhydramine, doxylamine

Interferon alfa

Antimicrobials Methotrexate
Acyclovir Mitomycin-C
Aminoglycosides Contrast dye
Amphotericin B Diuretics

Beta lactams (penicillins, cephalosporins)

Loops, thiazides

Foscarnet Triamterene

Ganciclovir Drugs of abuse

Pentamidine Cocaine, heroin

Quinolones Ketamine, methadone

Rifampin Methamphetamine

Sulfonamides Others

Vancomycin Allopurinol
Antiretrovirals Pamidronate

Adefovir, cidofovir, tenofovir Quinine

Indinavir Zoledronate
Antiepileptic

Benzodiazepines

Phenytoin

Table 11.7 Common viral infections associated with acute interstitial
nephritis

Epstein—Barr virus (EBV)
Adenovirus

Human Immunodeficiency virus (HIV)

Cytomegalovirus (CMV)

Polyomavirus (BK)
Rubeola
Hepatitis viruses

Hantavirus

Management of HUS is mostly supportive. Careful monitor-
ing of fluid balance is necessary to prevent fluid overload.
Patients often require renal replacement therapy. Peritoneal
dialysis is usually the modality of choice for patients with
HUS. Due to the risk of fluid overload in patients with oligu-
ria, red cell transfusions should be given slowly and in small
aliquots. Platelet transfusion should only be given if patient
has acute bleeding or at the time of a surgical procedure.

HUS is also known to occur secondary to pneumococcal
infections, pregnancy, and medications including oral con-
traceptives and calcineurin inhibitors. Genetic causes of
atypical HUS lead to unregulated activation of the alternate
complement pathway. These include mutations in genes
encoding factor H, factor I, or membrane-cofactor protein
and production of factor H antibodies. These are best treated
with plasma replacement therapy and eculizumab, a human
monoclonal anti-C5 antibody that blocks activation of the
terminal complement pathway. Patients started on eculi-
zumab must receive meningococcal vaccine and be started
on penicillin prophylaxis to prevent invasive meningococcal
disease. A rare form of HUS is seen in infants with inborn
errors of cobalamin metabolism.

Thrombotic thrombocytopenic purpura is often described
as a pentad of microangiopathic hemolytic anemia, thrombo-
cytopenia, fever, neurological signs, and renal dysfunction.
There are hereditary and acquired forms of TTP. The acquired
form is more common and is secondary to antibodies to
ADAMTS13 (von Willebrand factor-cleaving protease).
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The hereditary form (Upshaw—Schulman syndrome) is due
to inherited deficiency of ADAMTS13. AKI is much less
common in patients with TTP, while neurological symptoms
predominate.

Rhabdomyolysis

Rhabdomyolysis refers to the destruction of skeletal muscle,
leading to leakage of their contents including myoglobin and
creatine kinase. In adults, the risk of developing AKI ranges
from 5 to 50 % but much lower in children. Viral myositis
(40 %) and trauma, including crush injuries, (25 %) make up
the majority of cases in children. Less common causes include
extreme exertion, heat-related illness, status epilepticus,
mitochondrial and metabolic disorders, and malignant hyper-
thermia. Drugs of abuse known to cause rhabdomyolysis
include alcohol, heroin, cocaine, amphetamines, methadone,
and LSD. Prescription medications to be aware of include
antipsychotics, statins, selective serotonin reuptake inhibi-
tors, zidovudine, colchicine, lithium, and antihistamines.
Rhabdomyolysis is thought to cause AKI by the direct renal
tubular toxicity of myoglobin, intrarenal vasoconstriction,
and tubular obstruction, as well as secondary injury associ-
ated with volume depletion and renal ischemia. Treatment
involves aggressive fluid administration to offset the fluid
sequestration occurring in the damaged muscle tissue, thus
reducing secondary renal ischemia, and is thought to help
eliminate urinary myoglobin. Despite never having been rig-
orously tested, sodium bicarbonate is often used to “alkalize”
the urine, reduce cast formation, and act as an antioxidant.
Mannitol has also historically been used as an osmotic agent,
but its use is falling out of favor as it lacks evidence and is not
without side effects. It is important to watch carefully for
hyperkalemia and treat it rapidly if it occurs.

Abdominal Compartment Syndrome

Normal intra-abdominal pressure (IAP) ranges from below
zero to 0 mmHg in healthy individuals and from 1 to 8 mmHg
in critically ill children. Abdominal compartment syndrome
(ACS) is a condition caused by intra-abdominal hyperten-
sion. It is defined currently as an IAP >20 mmHg with new
or worsening organ dysfunction, although ACS can occur at
lower pressures and IAP >12 mmHg is still pathologic. More
than 60 % of pediatric cases are associated with massive
fluid resuscitation. IAP measurement by bladder pressure
through a special Foley catheter has been considered the
gold standard, but in cases of bladder trauma, a monitor can
be placed in the stomach, rectum, or the peritoneum itself.
Renal dysfunction results from a decrease in cardiac output,
compression of renal vessels and decreased renal blood flow,
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increased renal vascular resistance, and redistribution of
renal blood flow from the cortex to the medulla. Oliguria is
often seen at an IAP of 15-20 mmHg and anuria at 30 mmHg.
Medical management includes patient positioning flat and
supine, with gastric and rectal decompression. Diuretics and
CRRT can be adjunctive. Drainage of ascites or surgical
decompression of the abdomen may be necessary when med-
ical management fails. Marked improvement in renal func-
tion is commonly observed within hours following
decompression; however, mortality remains about 50 % usu-
ally due to the inciting pathology.

Hepatorenal Syndrome

AKI occurs in almost 20 % of patients with cirrhosis. This
is due to dysregulation of circulatory and neurohormonal
balance. A subset of patients will have a form of functional
renal failure called hepatorenal syndrome (HRS). The
underlying pathogenesis is incompletely understood, but
the peripheral arterial vasodilation theory is the most widely
accepted, leading to lower effective arterial blood volume,
which in turn activates neurohumoral vasoconstrictors
(renin—angiotensin—aldosterone system, ADH) which will
lead to renal vasoconstriction together with salt and water
retention. Prognosis is dismal with survival measured in
weeks to months. There have been few proven effective
treatments in clinical studies in children, but vasoconstric-
tors remain a viable temporary option (noradrenaline,
midodrine, and octreotide). A transjugular intrahepatic por-
tosystemic shunt (TIPS) can be useful but is often unavail-
able to patients with HRS due to one or more contraindications
(INR >2). Renal replacement therapy can be used as a
bridge to liver transplantation, which remains the only
definitive cure.

HIV/AIDS

There can be numerous etiologies of AKI in patients with
HIV/AIDS. The chronic condition known as HIV-associated
nephropathy (HIVAN), which is similar in pathology to
focal segmental glomerulosclerosis (FSGS), is seen particu-
larly in patients of African descent and places them at a
much higher risk of developing concomitant AKI. Although
modern more effective therapy for HIV has resulted in a
decreased incidence of HIVAN, up to two-thirds of HIV
positive admissions to the ICU for any reason will develop
AKI. The most common causes are opportunistic infections
(50 %), toxicity from medications (30 %), and liver failure
(10 %). Also seen with increased frequency in this group
of patients are HUS/TTP, rhabdomyolysis, and AIN.
The protease inhibitor indinavir causes nephrolithiasis,
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crystal-induced AKI, and tubulo-interstitial nephritis. The
nucleotide reverse transcriptase inhibitors tenofovir, adefo-
vir, and cidofovir cause AKI with proximal tubular injury
and a Fanconi syndrome. AKI seen in hospitalized patients
with HIV is often due to concomitant administration of other
nephrotoxic drugs with most cases being associated with
beta-lactam and aminoglycoside antibiotics. Dose adjust-
ments of all medications, including antiretroviral drugs, are
required with renal impairment.

Malignancy

Malignancy-associated AKI is often multifactorial. The eti-
ology can be divided into prerenal, intrinsic renal, and post-
renal. Tumor lysis syndrome is a condition that results from
massive lysis of tumor cells in tumors with a high prolifera-
tive rate, a relatively large mass, and a high sensitivity to
cytotoxic agents. In pediatrics this is most commonly seen in
lymphomas (up to 10 %), acute leukemias (5 %), central ner-
vous system tumors, and neuroblastoma. After the initiation
of therapy, there is a rapid release of intracellular electrolytes
and proteins that can cause AKI by decreasing GFR through
prerenal mechanisms and by increasing solute load, which
impairs tubular function. Additional symptoms include gas-
trointestinal disturbances, neuromuscular effects, cardiovas-
cular complications, and ultimately death. The syndrome is
characterized by hyperkalemia, hyperphosphatemia, hyper-
uricemia, and metabolic acidosis. In the setting of acidic
urine, uric acid crystallizes in the tubules. A urine uric acid-
to-creatinine ratio of greater than 1 is suggestive of uric acid
nephropathy. Prevention centers on massive volume expan-
sion, prevention of hyperuricemia with allopurinol, and
administration of urate oxidase (Rasburicase®), an enzyme
that converts uric acid to allantoin, which is five times more
soluble in the urine than uric acid. Care must be taken with
administration of urate oxidase in the setting of confirmed or
potential glucose-6-phosphate dehydrogenase deficiency.
Oliguric AKI due to tumor lysis syndrome invariably requires
institution of renal replacement therapy.

The Future

There is ongoing research in the field of AKI evaluating the
use of biomarkers in the early diagnosis of AKI. Multiple
therapeutic agents are under investigation, including atrial
natriuretic peptide, thyroid hormone, calcium channel block-
ers, oxygen radical scavengers, and adenine nucleotides. It is
likely that with earlier detection and newer treatment options
and early intervention, prevention and management of AKI
in children will continue to improve.

A.K. Kakajiwala et al.

Editor’'s Comment

In the past, acute kidney injury could be seen even in healthy
children after major surgery, especially when nephrotoxic IV
contrast and drugs like gentamicin were in more widespread
use. Today transient renal dysfunction might occasionally be
seen after prolonged exposure to or excessive dosing of
ketorolac or in patients with a predisposition such as sickle
cell trait who are allowed to become extremely dehydrated.
Since routine daily blood draws have for the most part been
eliminated, the clinician needs to be vigilant for the subtle
signs of renal dysfunction: nausea, prolonged ileus, or non-
specific malaise. Urine output is usually within normal lim-
its, or consistent with the usual fluctuations observed in the
postoperative period, and is therefore not a reliable sign.
Ultimately, any patient whose postoperative progress seems
to have stalled or taken a step back for no apparent reason
(sepsis, obstruction, and hemorrhage have been ruled out)
should raise the question of AKI. Electrolytes with BUN and
creatinine should be drawn, fluid status should be assessed,
and a urinalysis with specific gravity and urine sodium and
creatinine (for calculation of fractional excretion of sodium)
should be ordered. If AKI is confirmed, all potential nephro-
toxins should be discontinued, fluid intake should be
decreased, and if the patient is oliguric, potassium should be
removed from all intravenous solutions. The vast majority of
these children will recover uneventfully without specific
therapy or need for dialysis.

Infants and children with AKI will sometimes need dialy-
sis or hemofiltration. The indication is usually fluid over-
load, hyperkalemia, or, in the case of a prolonged recovery
from ATN, azotemia. Options include peritoneal dialysis,
standard hemodialysis, or CRRT, usually in the form of con-
tinuous venovenous hemofiltration (CVVH). Peritoneal
dialysis is more often used in infants due to their limited
vascular access for hemodialysis. Peritoneal dialysis cathe-
ters are almost always placed under general anesthesia but in
most cases dialysis itself is well tolerated. Hemodialysis is
sometimes considered in older children and requires place-
ment of a large-bore double-lumen hemodialysis catheter in
the jugular vein. These can be percutaneous or tunneled,
depending on how long dialysis is likely to be needed.
CVVH is generally used only in patients admitted to the
ICU who are critically ill. Hemofiltration differs from hemo-
dialysis in that water and solutes from the blood are forced
through a semipermeable membrane by hydrostatic pressure
generated by a pump (convection), rather than across a gra-
dient generated by the presence of dialysate on the other side
of the membrane (diffusion). It is slower than dialysis and
requires daily sessions lasting 12-16 h. It has less of an
effect on systemic blood pressure and is usually better toler-
ated than hemodialysis in patients who are hypotensive.
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Continuous arteriovenous hemofiltration, in which the
patient’s blood pressure provides the hydrostatic pressure
needed to create the ultrafiltrate, is sometimes used in adults
but is rarely an option for children. The pediatric surgeon is
often asked to provide the vascular access required by these
various therapies and must therefore be familiar with the
equipment available and the flow rates needed. Subclavian
vein catheters should be avoided in children at risk for
chronic renal failure—in the event they need to have a graft
or arteriovenous fistula created in the future—it is important
to avoid subclavian vein stenosis or thrombosis.
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Mohammed Hamzah and Michael Wilhelm

Much pediatric respiratory management in the ICU is
extrapolated from the adult literature, as there is paucity of
pediatric specific research. At the same time, a number of
critical differences exist between adult and pediatric respira-
tory physiology that predispose children to respiratory fail-
ure. Apneic episodes (central or obstructive) are much more
common in children than adults, in part due to the immature
respiratory control center that continues to develop for
months even after term birth. This immaturity can impair the
normal ventilatory response to hypoxia and hypercapnia.
Infection (particularly certain viral infections) or neurologic
insults (trauma, medications, infection) can impair respira-
tory control even in older infants. Infants are therefore par-
ticularly sensitive to the respiratory depressant effects of
anesthetics and sedatives as well as metabolic alkalosis.

Respiratory mechanics are also different in infants and
young children. A relatively larger anatomical dead space
with larger and more compliant upper airway structures that
collapse easily during forceful inspiration predisposes to
obstructive apnea. A higher airway resistance, highly com-
pliant (easily deformable) chest wall that will move inward
paradoxically during inspiration, and less efficient, more
easily fatigable intercostal muscles and diaphragm with
fewer type 1 muscle fibers predispose children to respiratory
failure when illness strikes. These differences in physiologic
parameters require early recognition of respiratory distress
and prompt institution of appropriate respiratory support to
prevent frank respiratory failure.
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Respiratory Distress and Failure

While respiratory distress (the use of accessory muscles and
increased respiratory work) and respiratory failure (inade-
quate gas exchange) can occur in the same patient, they are
not synonymous. Accessory muscle use (retractions, nasal
flaring) occurs when more negative intrathoracic pressures
are being generated in an effort to increase tidal volume.
With restrictive lung disease (pneumonia, ARDS, abdominal
distention), patients become tachypneic, with normal respi-
ratory rates varying by age. On the other hand, with obstruc-
tive disease (asthma, upper airway obstruction), retractions
tend to be more severe than the tachypnea as slower breath-
ing is more mechanically advantageous. Furthermore, the
phase of respiration that is obstructed will be prolonged. It is
important to remember that infants have intrinsic restrictive
and obstructive physiology, so many disease processes pres-
ent with a mixed picture. As respiratory insufficiency pro-
gresses, children will begin to grunt (“auto-PEEP”) to
prevent collapse of alveoli. With further reduction in effec-
tive air movement, they develop a thoracoabdominal para-
dox. More concerning still is the development of respiratory
pauses —brief pauses during marked tachypnea that signify
impending respiratory arrest. Respiratory pauses and altered
mental status in the setting of respiratory distress strongly
suggest that the patient should be electively intubated.
Respiratory failure is defined by the degree of hypoxemia
or hypercarbia. Hypoxemia is easily identified by pulse oxim-
etry, though patients can have significant unrecognized alve-
olar-arterial (A-a) oxygen gradient if on supplemental
oxygen. There are several formulas used to measure the
degree of hypoxemia based on the arterial oxygen level (P,0,)
including A-a gradient, the P,0,/F,0, (P/F) ratio, and the oxy-
genation index (OI). These quantities are important for clini-
cal studies, but also for determining when a patient requires
increased respiratory support. On the other hand, hypercarbia
can only be confirmed by obtaining an arterial (or venous)
blood gas. Clinical symptoms that suggest hypercarbia
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include depressed mental status (narcotic effect of CO,) and
signs of sympathetic activation such as diaphoresis, tachycar-
dia, and hypertension.

Several situations deserve specific comment. First,
patients who lack muscle strength might show limited respi-
ratory distress prior to frank respiratory failure, as they are
unable to significantly increase negative intrathoracic pres-
sure. Tachypnea and thoracoabdominal paradox are often
more prominent in these patients than retractions. Even
harder to identify are patients who have diminished respira-
tory drive for any reason as they may not even develop
tachypnea en route to frank hypercarbic respiratory failure.
(A classic at-risk surgical patient is the infant with pyloric
stenosis and a high serum bicarbonate level after anesthesia.)
On the other hand, patients with increased respiratory load
due to hyperthermia (increased CO, production) or meta-
bolic acidosis (decreased pH) will augment their minute ven-
tilation by Kussmaul respirations (deep and labored) if their
respiratory compliance is normal. However, with restrictive
lung disease (pneumonia, chronic lung disease, underlying
restrictive physiology typical of infants), this can generate a
significant amount of respiratory distress and tachypnea.
Therefore, in a patient who appears to have significant
restrictive lung physiology but good air entry throughout,
one should consider checking electrolyte in a blood gas to
look for metabolic acidosis.

Principles of Respiratory Support

Several fundamental principles dictate the approach to venti-
latory support of children and are largely extrapolated from
data in adults. Perhaps the most important overarching prin-
ciple is that adequate ventilation and oxygenation should be
the goal as opposed to pushing harder to achieve normal lev-
els of ventilation and oxygenation. Once respiratory support
is initiated (especially invasive ventilation), minimizing
ventilator-induced lung injury is imperative. Therefore,
because of the inflammatory response induced by mechani-
cal ventilation, due to high pressures and oxygen concentra-
tions, permissive hypercapnia and mild hypoxemia are the
typical goals. A pH over 7.3 is usually adequate, and even a
pH of 7.25 (or even 7.2) is tolerated if on high ventilatory
support. Similarly, as long as the patient is not notably ane-
mic and they have good cardiac output, they will usually tol-
erate an oxygen saturation of 88 % or greater. However,
several specific situations require more normal blood gas
targets. Patients with pulmonary hypertension and intracra-
nial hypertension or patients in shock may all require blood
gasses that are closer to or even completely normal.

The plateau pressure, which essentially represents the
alveolar pressure at end inflation, and the inspired oxygen
are believed to be the most injurious aspects of mechanical
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ventilation. The plateau pressure is often less than the peak
inspiratory pressure (and often considerably so in obstruc-
tive disease) as resistance contributes to the PIP when gas is
flowing. The plateau pressure is measured in volume modes
of ventilation after the breath is delivered by performing an
inspiratory hold. In pressure-control modes, the plateau pres-
sure is no greater than the absolute PIP, but cannot be directly
measured.

Generally, the goal is to limit the F,O, to 0.6 or less when-
ever possible. Increasing the mean airway pressure (MAP)
will typically improve oxygenation, but the goal is to mini-
mize the plateau pressure, which generally represents the
alveolar pressure, usually less than 32. Therefore, increasing
PEEP and lengthening the inspiratory time are often used
sequentially during escalation of therapy. With restrictive
lung disease (more common in pediatric surgery), patients
will generally tolerate short expiratory times and therefore
can even have an inspiratory to expiratory (I:E) ratio of >1 if
necessary. Based on evidence showing improved outcome
with smaller tidal volumes, initial goals in children are
around 8 mlL/kg ideal body weight. However, it is much
more important to visually confirm appropriate chest rise as
ideal body weight is more difficult to determine and the
smaller total volumes make the ventilator’s measurement
less accurate. With worsening compliance, tidal volumes
may be dropped as low as 5-6 mL/kg in order to limit pla-
teau pressures. In these circumstances, higher rates are
required to achieve adequate ventilation.

At this point, obstructive disease deserves specific com-
ment. It is common for younger children to have mixed phys-
iology, and specific surgical diseases promote expiratory
obstructive disease due to tracheomalacia. With expiratory
airflow obstruction, allowing adequate expiratory time is
imperative (note that a normal I:E ratio has a short E-time at
high rates). Low rates permit the greatest increase in expira-
tory time, and physical examination should confirm full
exhalation between breaths. It is not uncommon to require
neuromuscular blockade to prevent patients from breathing
too quickly. In these situations, higher tidal volumes at lower
rates might be required, and sometimes a higher PIP must be
tolerated.

Finally, it is important to remember that adjusting the ven-
tilator is not the only consideration in ventilated patients.
Whenever making or considering changes to the ventilator,
the patient must be examined to determine the respiratory rate,
work of breathing, and air entry. Good blood gasses in the set-
ting of a distressed patient may still indicate the need for
increased support. Similarly, deteriorating gas exchange can
occur due to patient-ventilator asynchrony, agitation or devel-
opment of fever, and increased CO, production. Suctioning
may be required if the patient has acute deterioration in gas
exchange and air leak syndrome must also be considered,
particularly if the patient is on high ventilator settings.
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Methods of Respiratory Support

While invasive mechanical ventilation remains the definitive
mode for respiratory support, noninvasive ventilation is used
increasingly either to permit stabilization of hemodynamics
prior to intubation or as the ultimate therapy for many
patients. Noninvasive ventilation typically does not require
sedation, which is a significant advantage over invasive ven-
tilation. Continuous positive airway pressure (CPAP) has
several benefits, including preventing dynamic airway col-
lapse (in asthma or upper airway obstruction) and promoting
increased lung volume (and therefore compliance) in restric-
tive lung diseases. BiPAP (biphasic airway pressure) adds
the ability to augment tidal volume directly as well as pro-
viding a backup rate. Therefore, it can be used as an escala-
tion from CPAP for patients who need additional support
(persistent tachypnea or accessory muscle use).

Typically CPAP is used at levels from 3 to 10 cm H,O,
and BiPAP uses an additional inspiratory pressure of
5-15 cm H,0 above the expiratory pressure. Given the high
flow rates and tight-fitting masks required, patients can be
provided a higher F,0,, which means they can experience
oxygen toxicity just as they can with invasive ventilation.
The inability to achieve target oxygen saturation on more
than 60—70 % oxygen for an extended period of time (1-2 h)
warrants consideration of escalating noninvasive ventilation
or electively intubating the patient.

Many modes of invasive ventilation exist, and new ones
are being developed all the time in an effort to improve
patient-ventilator interactions and to maximize ventilatory
support while minimizing ventilator-associated lung injury.
Conventional modes either use pressure or volume limits to
dictate the size of the inspiratory volume the patient receives.
It is important to pay attention to whichever variable is not
being set on the ventilator. If a patient is receiving appropri-
ate tidal volumes but requiring peak pressures over 32, they
are at risk for barotrauma. Similarly, “normal” pressures
generating very large tidal volumes are too high.

While many spontaneous modes of ventilation are used in
adults, pressure support ventilation is the most commonly
used in children (either alone or in combination with other
modes of ventilation). Pressure support offers several advan-
tages over other modes of ventilation. First, the patient can
limit the size of the breath more effectively, enhancing com-
fort. Second, the patient is required to at least initiate the
breath and therefore required to use some respiratory muscle
effort. Therefore, pressure support is often used during venti-
lator weaning. Finally, ventilation-perfusion matching seems
to be better with pressure support breaths as diaphragmatic
movement causes better ventilation of dependent lung regions.

Newer modes of ventilation incorporate adaptive pressure
in response to the volume of the previous breath. Other
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modes attempt to optimize inspiratory flow patterns to mini-
mize airway pressures. Improved patient-ventilator interac-
tion can sometimes be achieved by technologies such as
neurally adjusted ventilatory assist (NAVA), which mea-
sures diaphragmatic depolarization to determine the degree
and timing of pressure support. Knowing what modes are
available and how they deliver each breath is imperative to
managing pediatric patients with respiratory failure.

Advanced Respiratory Support

HFOV

High-frequency oscillatory ventilation is the most common
rescue therapy for refractory hypoxemia (and less commonly
hypercarbia). Some centers use this mode as primary therapy
as a gentler mode of ventilation, but this is not our practice
given the need for more sedation and more constant intra-
pleural pressure, which increases systemic venous pressure.
(For this reason, patients often require fluid resuscitation
with the initiation of HFOV.) However, because the majority
of the pressure change is dampened before it reaches the
alveoli, we use this mode for patients with toxic ventilator
settings or significant air leak syndromes.

The MAP controls recruitment and hence oxygenation.
Periodic chest X-rays are used to show lung expansion, with
a target of ten ribs. The amplitude (AMP) of the oscillations
and the frequency of the oscillations (Hz) determine the
degree of CO, elimination. The initial target for the ampli-
tude is to provide an adequate “wiggle” to the patient’s pel-
vis. In general, higher frequencies are used in younger
patients based on the theoretical resonance frequency of the
respiratory system. Increasing the amplitude or decreasing
the frequency typically enhances CO, elimination. The
inverse relationship between the frequency and CO, elimina-
tion is likely due to enhanced bulk gas flow at lower frequen-
cies. Deflating the endotracheal tube cuff (if present) can
also increase CO, elimination.

Inhaled Nitric Oxide

Inhaled NO selectively dilates the pulmonary vasculature.
NO treats pulmonary hypertension (PHTN) and can improve
V/Q matching as only ventilated lung regions should have
increased blood flow. Importantly, at high doses used for
PHTN (>5 PPM), NO can actually worsen V/Q matching,
though the improved global pulmonary blood flow usually
predominates and improves oxygenation. In patient with
ARDS, NO has been shown to improve oxygenation but not
improve survival. However, it is our practice to initiate a trial
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of NO in the setting of severe, refractory hypoxemia, partic-
ularly if there is evidence of PHTN on echocardiography.

Exogenous Surfactant

Surfactant clearly has a role in neonatal RDS, including in
severe lung disease in the term infant (meconium aspiration
syndrome, sepsis). Its role in ARDS in older infants and chil-
dren remains less clear. As with NO for ARDS, trials showed
improved oxygenation but not duration of ventilation, ICU,
or hospital stay.

Prone Positioning

Prone positioning, though sometimes difficult, can acutely
improve V/Q matching by converting open (anterior) lung
regions to the dependent, more well-perfused position.
However, there is also a risk of accidental displacement of
lines and tubes, and studies have shown no improvement in
mortality in pediatric populations. There is some evidence
that longer durations of prone positioning may be more help-
ful, particularly in the sickest patients. Therefore, it is our
practice to consider prone positioning when technically fea-
sible in patients who are refractory to high levels of conven-
tional therapies.

Airway Clearance

For patients who are unable to effectively cough (neuromus-
cular blockade or disease), secretion clearance can be mark-
edly impaired. We routinely use intermittent percussive
ventilation (IPV) and in-exsufflator therapies in these set-
tings. They are particularly helpful in preventing intubation
in patients with neuromuscular disease and helping to get
these patients extubated. Therapists experienced with these
techniques are invaluable in these situations.

Neuromuscular Blockade

With high ventilator settings, significant acidosis, or tachy-
pnea in the setting of lower airway obstruction, neuromuscu-
lar blockade may be necessary. Recent data suggest that
outcomes are improved with early NMB in ARDS. However,
prolonged NMB can contribute to critical care neuromyopa-
thy as well as impaired secretion clearance and should be
used cautiously.

Many other adjunctive therapies are sometimes used in
specific forms of respiratory failure. Corticosteroids, diuret-
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ics, beta-agonists, other bronchodilators, and many others
may be used.

Additional Considerations

In ARDS, the main goal is to increase lung recruitment (by
increasing MAP) while limiting peak pressure and oxygen
toxicity. In this setting, pressure-control ventilation with lon-
ger inspiratory times and high PEEP can be very effective.
This often requires NMB, which can also improve oxygen-
ation by removing chest wall compliance from the equation.
HFOV is our typical rescue if this approach fails. Patients
should be as volume contracted as possible to enhance
removal of lung water, as long as they are not in shock.

On the other hand, severe obstructive lung disease requires
very low rates to allow full exhalation. To achieve CO, elimi-
nation, this requires large tidal volumes and often high peak
pressures. Fortunately, the airway resistance limits the trans-
mission of these pressures to the alveoli. Permissive hyper-
capnia is almost always required, and neuromuscular
blockade is necessary to prevent the patient from spontane-
ously breathing and shortening their expiratory time.
Extracorporeal membrane oxygenation (ECMO) remains the
ultimate therapy for respiratory failure. However, recogni-
tion of when other therapies are failing and identification of
appropriate candidates are important.

Future Considerations

Future studies may identify specific therapeutic targets to
enhance recovery from lung diseases and reduce the impact
of ventilator-associated lung injury. As different modes of
ventilation become available, randomized controlled studies
will need to be conducted to determine if they are more
effective than current therapies. One particular area that may
greatly benefit patients is the development of novel technolo-
gies and modes of ventilation that improve patient-ventilator
synchrony and allow minimized sedation and improved
V/Q matching.

Editor’'s Comment

For surgery residents, mastering the art of ventilator manage-
ment is one of the most gratifying rites of passage we endure.
Glance at the blood gas, make a subtle adjustment in the ven-
tilatory rate or the PIP, and the patient weans, like magic —
we have the power and the skill, and our patients are the
beneficiaries. Nevertheless, we were slow to realize that, at
least for our sickest patients, our treatment was sometimes
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causing more harm than good. Ventilator-associated lung
injury is a concept that has been around for a long time but
is now finally accepted by clinicians on the front lines of
critical care medicine, including surgeons. This concept pos-
its that barotrauma, volutrauma, atelectrauma, oxygen toxic-
ity, and biotrauma all contribute to lung injury and that
minimizing the effects of these factors helps our patients
recover more quickly and with fewer adverse sequelae.
When both conventional and advanced modes of ventila-
tion fail, the next step for otherwise viable patients with
reversible lung injury (influenza, aspiration pneumonitis)
might be ECMO. There is now considerable experience with
the use of ECMO in adolescents and even adults, and it
appears to be a viable option in select cases. Every tertiary
care children’s center should have established criteria and an
evidence-based algorithm for patients with severe respira-
tory failure so that this potentially lifesaving technology can
be made available in a timely fashion. One of the most com-
mon problems with ECMO is that we too often wait too long
to consider it. The patient with multiple pneumothoraces and
chest tubes has probably already had irreversible lung injury
due to barotrauma. The same is true for patients with

ventilator-associated pneumonia, severe pulmonary edema,
or multiple areas of refractory and severe atelectasis.
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Extracorporeal Life Support

Christopher S. Muratore

Extracorporeal life support (ECLS) most commonly referred
to as extracorporeal membrane oxygenation (ECMO) is the
use of prolonged, modified extracorporeal cardiopulmonary
bypass for patients who are failing maximal conventional
medical management for treatment of severe, acute, and
reversible cardiac or respiratory failure. Initially designed
with the goal of supporting adult patients with ARDS, the
application was marginally successful at best. Early trials of
ECMO for adults with severe acute respiratory failure and
extracorporeal CO, removal (ECCO,R) for severe ARDS
showed no benefit. Conversely the use of ECMO to rescue
pediatric and in particular neonatal patients with cardiopul-
monary failure revolutionized extracorporeal support. First
successfully used in 1972 to rescue a postoperative child in
cardiac failure, the application of ECMO became more
widespread after the successful use to support a newborn
with respiratory failure in 1975. Since then, the indications
have expanded, and the selection criteria improved such that
patients are spared from the deleterious effects of futile
aggressive management that would frequently cause baro-
trauma and organ dysfunction. The excess morbidity and
mortality from viral pneumonia and ARDS observed in
young people during the 2008-2009 HIN1 pandemic com-
bined with substantial evolution of current ECLS circuits,
technology, and ventilation strategies promoting lung rest
revived the use of ECMO for adult respiratory failure. The
technology of ECLS is similar for all applications, but the
indications, management, and results are best considered
separately for adults, children, and neonates.
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The Circuit

A basic ECMO circuit is composed of a blood pump, a mem-
brane oxygenator, a heat exchanger, interconnecting tubing,
and the cannulas inserted in the patient. Depending on patient
needs, cardiopulmonary support (venoarterial-ECMO) or
pulmonary support (venovenous-ECMO) may be used. In a
typical circuit, venous blood is drained from a major vein,
pumped through a membrane lung for gas exchange, and
returned as oxygenated blood through a major artery
(VA-ECMO) or vein (VV-ECMO). Partial support can be
achieved using an arterio-venous, AV or VV circuit and
either a low-flow pump or the patient’s own blood pressure to
drive the blood across an oxygenator, effectively removing
CO, (ECCO,R).

Roller and centrifugal pumps are the two basic types of
blood pumps used for ECLS. Many ECMO programs use a
roller pump, but centrifugal pumps are gaining in popularity.
There has been an evolution of circuit design toward simplifi-
cation with minimal looping and bending of shorter tubing
lengths to limit turbulent points, hemolysis, and thrombosis.
A roller pump displaces blood through flexible tubing located
inside a curved raceway to generate forward flow proportional
to the pump speed and tubing size; this requires careful servo-
regulation of pressures and a larger footprint is needed.
Centrifugal pumps generate a pressure differential by spin-
ning internal components and centrifugal force, creating neg-
ative pressure in the drainage tubing. The relationship between
pump speed and blood flow is not directly related, making a
flow meter necessary. Modern pumps use magnetically driven
suspended impellers, which spin at the desired rate to create
blood flow while minimizing heat and blood—surface contact,
both of which contribute to hemolysis. Inlet pressure from the
drainage limb and outlet pressure from the pump are moni-
tored carefully to avoid excessive negative or positive-pres-
sure swings. Additional shunts (“bridges” between drainage
and return limbs for weaning trials) and other monitors (bub-
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ble detectors, oxygen saturation) can be added, but these
introduce additional access points and complicate the circuit.

The membrane lung is responsible for gas exchange.
There are diverse oxygenators in use, particularly since the
classic silicone membrane is no longer manufactured, but
most now use microporous hollow fiber or polymethylpen-
tene (PMP) membranes. Oxygenation capacity is dependent
on surface area of the membrane and contact with the blood.
Oxygenator designs have evolved over time from flat sheets
to hollow fiber (gas phase inside) membranes and from
microporous to compressed microporous (“solid”) designs
such that gas exchange occurs entirely by diffusion. PMP
hollow-fiber devices are best suited for longer ECMO runs
and have lower rates of hemolysis, better durability with
lower pressure differential, and less plasma leakage. Fresh
gas (“sweep” gas) is introduced into the gas phase of the
membrane (usually delivered as 100 % oxygen, oxygen-
ambient air, or oxygen-CO, mixtures controlled by a blender),
the flow of which is adjusted to optimize CO, levels.

Vascular Access Options

Cannulas and tubing size limit the flow rate achieved, which
correlates directly with the length and inversely with the
square of the radius of the conduits. For neonates, the small-
est double-lumen cannula for VV-ECLS is 13 Fr, which can
be challenging to place in the right internal jugular vein of a
small infant. VA cannulation can be achieved with separate
specific arterial return (8, 10, 12 Fr) and venous (10, 12,
14 Fr) drainage cannulas. Older children can similarly be
cannulated in the right internal jugular vein in single-site VV
fashion with double-lumen cannulas 15-23 Fr depending on
the size of the patient and desired flow rates or double-site
locations using single-lumen cannulas in combinations of
femoral and jugular configuration. For adults, typical can-
nulas range from 23 to 29 Fr for venous drainage and
21-23 Fr for blood return (and as small as 17-19 Fr when in
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a VA configuration) with expected pressure flow characteris-
tics available from the manufacturer.

Vascular access can be obtained in most patients with per-
cutaneous cannulation using the Seldinger technique,
although central cannulation and a cutdown approach are
also used. Pure percutaneous access in neonates can be very
difficult and risky. A semi-open technique to ensure safe pas-
sage of the percutaneously placed wire, dilator, and cannula
is another option. In adults and children old enough to walk,
the femoral vessels usually provide adequate access for dou-
ble-site cannulation or if additional venous drainage is
required. Frequently, a small distal arterial perfusion cannula
or sheath is needed to perfuse the distal limb.

Arterial access has also been achieved in the subclavian and
axillary arteries with adjunct or chimney synthetic PTFE
grafts in adults. A Dbicaval double-lumen cannula
(13-19 Fr with Y-in. connectors for %-in. circuits and 20-31 Fr
with 3/8-in. connectors for 3/8-in. circuits) with drainage ports
in the IVC and SVC and a return port positioned in the right
atrium that directs flow across the tricuspid valve is available
for VV-ECMO and offers single-site internal jugular access
(Avalon Elite; Maquet Cardiovascular, Wayne, NJ).

Goals of ECMO

The goal of ECMO is to support gas exchange and systemic
metabolic demands by providing oxygen delivery to the tis-
sues. The degree of support provided for native heart or lung
function is mostly dependent on blood flow, but also on
hemoglobin, oxygen saturation, and the properties of the
membrane lung. There are significant differences in cardiac
and pulmonary effects between VA- and VV-ECMO
(Table 13.1). When primary cardiac support is the goal,
drainage of blood from the patient to the circuit results in
decreased right and left heart filling pressures, reduction in
pulmonary blood flow, cardiac unloading, and an improve-
ment in end-organ perfusion. In VA-ECMO, because left

Table 13.1 Comparison of the cardiac and pulmonary effects between VA- and VV-ECLS

VA-ECLS

Cardiac support Partial to complete

LV effects Decreased preload
Increased afterload
Possible cardiac stun

RV effects Decreased preload

Decreased afterload
Coronary oxygenation Native LV ejection
Pulmonary support

Unique issues No recirculation

Distal limb perfusion
Differential perfusion

Decreased pulmonary blood flow

VV-ECLS
No direct support only indirect
No change

No change

Improved

Maintained pulmonary blood flow
Recirculation
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ventricular afterload is increased by retrograde aortic flow,
additional interventions are sometimes needed to prevent or
relieve left ventricular overdistension.

Targeted flow is usually 100-120 mlL/kg/min for neo-
nates, 80—100 mL/kg/min for older children, and 60—80 mL/
kg/min for adults. Importantly, cannulas must be selected to
support the desired flow rate. During cardiac support, mixed
venous oxygen saturation is monitored from the venous
drainage limb, and flow rates are adjusted to maintain ade-
quate oxygen delivery. In the VV configuration, ventricular
filling pressures and hemodynamics are unchanged in the
steady state, but O, and CO, are exchanged through the mem-
brane lung. Because both the drainage and return cannula are
positioned in the venous system, mixing can occur. The
native and membrane lungs are in series (supra-oxygenated
blood is delivered back to the venous system or right atrium
and then traverses the pulmonary circulation) so that expected
arterial oxygen saturations are lower (85 %), depending on
the patient’s innate pulmonary function. In this setting, ade-
quate oxygen delivery can be maintained provided cardiac
output is sufficient and especially because limiting injurious
positive-pressure ventilation augments cardiac output.

Recirculation is unique to VV-ECLS and is the immediate
return of oxygenated blood from the circuit back into the cir-
cuit through the drainage lumen of the cannula. This limits
oxygen delivery by limiting the effective ECMO flow seen
by the patient. Some degree of recirculation is always present
in VV-ECMO whether through a double-lumen cannula or
dual-site configuration, but it is minimized by assuring opti-
mal position of the cannulas, by providing appropriate vol-
ume to improve the venous compliance chamber and by
temporarily lowering ECMO flow to restore effective flow.

Patient Selection

Any patient with severe, acute, and refractory but potentially
reversible respiratory failure is a candidate for ECMO.
Respiratory support can be considered while awaiting recov-
ery from hypoxemic respiratory failure, hypercarbic respira-
tory failure, or massive air leak syndromes or as a way to
bridge patients to lung transplantation. As a respiratory sup-
port modality, ECMO is most appealing in its potential to
reduce (or eliminate) the injurious effects of positive-pressure
ventilation. Ventilator-induced lung injury from overdisten-
sion of lung segments and cyclical recruitment—derecruit-
ment exacerbates endothelial-epithelial barrier dysfunction,
edema, and the release of inflammatory mediators in already
injured lung. High concentrations of inspired oxygen can
worsen cytotoxic damage. A low-volume/low-pressure venti-
lation strategy to reduce mechanical stretch improves out-
comes in ARDS. ECMO can serve as an adjunct to or
replacement of traditional mechanical ventilation, achieving
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gas exchange while allowing for lung rest by minimizing the
volume, pressure, and fraction of inspired oxygen (FIO,)
delivered by the ventilator. Goal ventilator settings for a
patient on ECMO typically include a respiratory rate of 610
breaths per minute, PIPs of 20-25 cm H,O, PEEP of 10—15 cm
H,O, and FIO, of 0.3-0.4, although optimal ventilator set-
tings are unknown and many variations exist. Tidal volumes
are usually well under the protective 6 mL/kg of predicted
body weight with this strategy.

Most patients should be considered candidates for ECMO
if there are no absolute contraindications to systemic antico-
agulation and a realistic expectation they will recover from
the underlying cause of pulmonary failure. The family must
be made aware of the possibility of significant morbidity and
mortality with standard (failing) conventional management
and understand the risks of ECMO. ECMO should be con-
sidered early as patient outcomes are far better than after pro-
longed mechanical ventilation with further pulmonary injury
or signs of additional organ damage.

Mode of ECMO

We favor VV-ECMO for most patients who require respira-
tory support even if there are signs of global cardiac dysfunc-
tion. All children have a component of reversible pulmonary
hypertension as part of the pathophysiology of their respira-
tory failure, which further adds to perceived cardiac dysfunc-
tion but is generally improved with the lung rest afforded by
VV-ECMO. The return blood from the circuit with PaO,
~400 mmHg traverses the native cardiopulmonary circuit.
Right atrial and ventricular filling are maintained, pulmonary
blood flow is maintained, left atrial return and left ventricular
ejection are maintained, and although significant mixing
with poorly oxygenated blood from the injured lungs occurs,
coronary oxygenation is improved with VV-ECLS compared
to mechanical ventilation and massive V-Q mismatch.
Furthermore, the deleterious effects of excessive mechanical
support and high concentration of oxygen can be reduced,
which lower intrathoracic pressure, augment ventricular fill-
ing, optimize cardiac output, and improve cardiac perfor-
mance with less of a need for vasopressors. Moreover,
oxygen delivery to the tissues can be assured even in the face
of O, saturations of approximately 85 % and confirmed by
the absence of metabolic acidosis, clearance of lactate, and
spontaneous urine output.

Oftentimes the secondary cardiac dysfunction induced by
respiratory failure, hypoxemia, or sepsis persists or progresses
even after cannulation. It is important to remember that
VV-ECLS requires intact, native cardiac output, and although
VV-ECMO with improved coronary oxygenation can help
restore hemodynamic stability, profound primary or second-
ary cardiac dysfunction is best addressed by VA-ECMO.
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Cannulation

Cannulation in the neonate is usually straightforward but can
be stressful, particularly when the patient is in extremis or
receiving CPR. Right cervical cannulation is performed
expeditiously through a small transverse incision situated
over the bellies of the sternocleidomastoid muscles, which
are preserved and separated with a hemostat, exposing the
internal jugular vein. A small self-retaining retractor maxi-
mizes exposure and frees up hands. The carotid sheath is
carefully dissected to gain proximal and distal control of the
internal jugular vein and common carotid artery, taking care
not to injure the vagus nerve. Heparin 50-100 units/kg is
administered as an intravenous bolus, and 3 min later the
vessels are ligated distally (cephalad). A venotomy is made
and the cannula placed centrally to approximately the 6- or
7-cm mark so that the tip resides in the right atrium. This is
followed by arteriotomy and cannulation to a distance of
approximately 3 cm. VA-ECMO flow is initiated slowly
ensuring venous drainage and inlet pressure are appropriate
and ultimately increased to 120 mL/kg/min. Ventilator sup-
port is adjusted to lower FiO,, respiratory rate, and driving
pressure, and vasopressor support is weaned as tolerated.
The cannulas are secured with silk ties over vessel-loop bol-
sters. Additionally, we routinely encircle the jugular vein
with a blue vessel loop and the carotid artery with a red ves-
sel loop and leave them in place in case of an emergency
need to identify them later. Likewise, the neonate who needs
to be converted from VV- to VA-ECMO can have the red
vessel loop and carotid delivered into the incision more rap-
idly to allow arterial cannulation.

Neonatal VV cannulation with a double-lumen 13-Fr can-
nula proceeds in similar fashion. We do not use the bicaval
13 Fr cannula for neonates as the IVC portion of that cannula
is short (compared to larger cannulas for bigger patients) and
can slip back into the right atrium, causing excessive recircu-
lation, poor flow, and, potentially, a cardiac injury.
Repositioning the cannula is often challenging and poten-
tially dangerous. A newer 13-Fr cannula (OriGen, Austin,
Texas) is available that is flexible, wire reinforced, and meant
to be positioned in the atrium.

The semi-open technique for VV cannulation in neonates
provides a safe alternative to percutaneous cannulation. A
small transverse right cervical incision is created, and the
sternocleidomastoid muscles are separated to expose the
jugular vein, which is left untouched so as not to disrupt it
and its surrounding tissue attachments. Using the Seldinger
technique, access to the vein is attained distal to the incision,
preferably with US guidance. The passage of the wire, dila-
tor, and cannula can be visualized within the jugular through
the open incision. Cannula tip position in the atrium is best
confirmed by fluoroscopy or x-ray.
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Older children and adult patients who require ECMO are
usually cannulated percutaneously using the Seldinger tech-
nique. We use US guidance for all percutaneous attempts and
fluoroscopy or digital x-ray for confirmation of cannula posi-
tion. We favor the right internal jugular vein for double-
lumen cannulation for most patients beyond neonatal age.
This approach, combined with a small centrifugal pump and
a low-profile circuit, provides the opportunity for minimal
sedation, early mobilization, and, in selected cases, awake
and ambulatory ECMO.

It is usually best to use micropuncture access of the right
internal jugular vein with placement of a 5-Fr sheath to
manipulate the guide wire through under fluoroscopy into
position deep within the IVC. The sheath provides secure vas-
cular access and allows multiple wire or catheter exchanges.
Often the wire will coil in the heart and not advance into the
IVC. A 5-Fr angled catheter can be advanced over the wire
under fluoroscopy to straighten the guide wire, and/or the
catheter can be advanced into the IVC where the guide wire
can then be deployed (Fig. 13.1). Once the guide wire is con-
firmed to be within the IVC and not in the hepatic veins, the
sheath is removed, and the tract serially dilated to the appro-
priate cannula size. Periodic checks of wire position with
fluoroscopy will ensure it has not migrated out of position.
Finally, the cannula is advanced into position with the arterial
return port positioned medially in the atrium for optimal flow
across the tricuspid valve. The SVC and IVC drainage sites
are also visible with fluoroscopy, and the IVC catheter tip
location is noted with respect to the ribs and vertebral bodies,
keeping in mind that once high ventilator settings are reduced,
intrathoracic pressure will diminish and the diaphragms will
rise, changing the position of the great vessels and heart.

When a double-lumen cannula becomes malpositioned, it
needs to be repositioned. This can be accomplished using
US-guided right common femoral vein access using a micro-
puncture needle and 6-Fr access sheath. Through the sheath,
a guide wire is passed into the retrohepatic IVC, and a 5-Fr
catheter is negotiated into the IVC under fluoroscopic guid-
ance. Through this catheter, a 2.5-cm gooseneck loop snare
is used to snare the tip of the malpositioned bicaval cannula,
and together with manual manipulation of the exposed por-
tion of the catheter at the neck, it is repositioned down into
the IVC. There is usually immediate improvement in venous
inlet pressure, patient saturation, and mixed venous inlet
saturation (Fig. 13.2).

Occasionally, even the largest (31-Fr) double-lumen setup
cannot provide adequate flow in a large patient, which is
manifest by high negative venous pressures and is an
indication for adding another venous drainage site. This can
usually best be performed with percutaneous access of a fem-
oral vein and placement of a single-lumen cannula into the
retrohepatic IVC. This location is more stable and less prone
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Fig.13.1 Percutaneous access of the right internal jugular vein for venous cannula placement. (a) Guide wire coiled in the heart. (b) 5-Fr angled
catheter over the guide wire to straighten the wire and advance into the IVC. (¢) Dilator and proper guide wire position in the IVC

to collapse around the cannula than the intra-abdominal IVC
oriliac veins. The drainage limb is saline primed and clamped,
and the return limb is sterilized with Betadine, double-
clamped, divided, and connected to the new femoral drainage
limb with a Y-connector, restoring drainage continuity.

Worsening hemodynamics even after VV-ECMO is initi-
ated is an indication for additional arterial support, usually
best achieved with a femoral cannula. This is configured
VV +A: venovenous respiratory support and arterial hemody-
namic support. Often the patient will markedly improve with
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Fig. 13.2 (a) Malpositioned bicaval cannula with excessively high
inlet pressure likely in the hepatic vein with suboptimal flow. (b) Snare
placed using the femoral vein positioned around the tip of the cannula.

minimal retrograde aortic support, which reverses systemic
hypotension and provides afterload. The arterial limb is
Y-connected to the arterial return limb from the circuit and can
be removed once hemodynamic support is no longer needed.
A patient who is cannulated using the femoral vessels for
VA-ECMO can develop significant differential perfusion due
to the retrograde aortic arterial return perfusion, which
results in excellent perfusion of the lower torso and extremi-
ties but sometimes striking cyanosis of the head and upper

Study Time

(¢) Repositioned bicaval cannula with the tip in the IVC and return of
optimal flow, inlet pressure, and efficacy

torso. If the lungs are not ready for conventional mechanical
ventilation, this is an indication for the addition of a single-
lumen arterial cannula in the right internal jugular vein. This
VA +V configuration provides oxygenated blood from the
circuit to be delivered to the SVC and right atrium, which
then passes through the lungs, heart, and aorta to perfuse the
upper body. Moreover, when the patient no longer requires
arterial hemodynamic support, the VA+V can be reconfig-
ured to VV until the patient can be decannulated.
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At the time of VA cannulation using the femoral vessels,
one must consider the risk of ischemia to the ipsilateral lower
extremity since the common femoral artery is occluded by
the arterial cannula. Some programs follow the physical
examination and limb perfusion, choosing to address the
issue when necessary with placement of a second more distal
common femoral artery or the posterior tibial artery for ret-
rograde perfusion. We prefer to be proactive and place an
antegrade distal femoral cannula. With a cutdown approach,
the femoral artery is cannulated with the appropriate-sized
arterial cannula, which has a Luer-lock access point on the
connector end. Using a modified Seldinger technique, we
access the distal common femoral artery proximal to the pro-
funda takeoff with a needle and short guide wire and place a
5- or 7-Fr sheath distally depending on patient size. The
sheath is connected to saline- or blood-primed high-pressure
arterial line tubing, which is then attached to the arterial infu-
sion cannula via the Luer-lock connector. Alternatively, if a
percutaneous approach is desired for VA cannulation, one
should place the distal limb perfusion sheath first under US
guidance, since once the arterial cannula is placed in the
femoral artery, distal flow will be severely limited and percu-
taneous access is more difficult. Naturally, life comes before
limb, and expeditious cannulation should be the priority with
distal limb perfusion addressed as necessary.

Going on ECMO

Once stable on ECLS, all paralytic agents, vasoactive drugs,
and sedating medications are weaned as tolerated. Muscle
relaxation is discontinued, and sedation is titrated for com-
fort with the goal of a conscious and cooperative patient who
is breathing spontaneously; this depends on the patient and
naivety to narcotics and can be challenging in older patients.
We avoid benzodiazepines if possible. Enteral nutrition is
started and advanced as tolerated in all patients who are not
receiving vasopressors, with the exception of patients with
CDH, for whom distension of intrathoracic bowel can
become an issue. In these patients, careful volume and
caloric provision with TPN is more prudent. Diuretics or
hemofiltration is used as necessary and titrated to normal
baseline dry weight.

Point-of-care ACT is measured hourly to assure antico-
agulation with goal ACT 180-200. However, we favor
direct anti-Xa factor measurement in the prescribed thera-
peutic range and confirmed by thromboelastography (TEG)
measurement, which is thought to be a better reflection of
the real-time anticoagulation status. This is a crucial part of
accurate anticoagulation management as individual patients
of various ages and diagnoses have unique coagulation
profiles and therefore deserve individualized treatment—
one ACT range (180-200) doesn’t fit all patients. Neonates
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will almost always require FFP within 6 h of initiation of
ECMO due to factor dilution and often will also frequently
need platelets. They can have an ACT >200 with an unde-
tectable anti-Xa level and still require FFP and careful
heparin dose correction.

Antithrombin III (AT-3) activity potentiates the effect of
heparin and therefore must also be monitored. Some centers
routinely give boluses or continuous infusions of AT-3 con-
centrate. This remains controversial and is an active area of
investigation. Conversely, most of our adult patients rarely
ever require routine FFP or AT-3 infusions. The ACT and
PTT are reflections of heparin effect and can be monitored
less often to assure the desired target range as predicted by
the anti-Xa level and TEG analysis.

Coming Off ECMO

Once pulmonary function starts to improve and diuresis has
been achieved, support can be modified, and blood flow and
sweep gas are decreased. Patients can be trialed off
VV-ECMO by lowering flow and eventually capping the
sweep gas such that the patient remains on extracorporeal
blood flow but without contribution of the oxygenator func-
tion. Patients on VA-ECMO are weaned and the cannulas
clamped during a “clamp trial,” at which point the patient is
fully supported by the native cardiopulmonary system. It is
useful to have an echocardiogram to demonstrate cardiac
function recovery and residual pulmonary hypertension by
septal position, tricuspid valve jet, and the patency or direc-
tion of flow through the ductus arteriosus.

Once the decision is reached, decannulation itself should
be straightforward. Heparin is stopped for 30 min.
Percutaneously placed venous cannulas are removed and
pressure held for sometimes as long as 30—45 min to achieve
hemostasis. Cannulas placed for neonatal VA-ECMO in the
neck by cutdown require reopening of the incision and liga-
tion of the jugular vein and carotid artery. Although some
advocate repair of one or both, there is no proven benefit in
doing so and it risks embolism or stenosis. We favor ligation,
which historically has been very well tolerated. Removing
femoral cannulas requires repair of the artery and can usually
be accomplished with primary repair using standard vascular
surgical techniques. Occasionally patch angioplasty will be
required. In most cases, the femoral vein should be repaired.

Unique Situations

As of July 2015, over 69,000 cases have been voluntarily
reported to the Extracorporeal Life Support Organization
(ELSO) Registry since 1975. Of these, there have been more
than 28,000 cases of neonatal respiratory failure, nearly 7000
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cases of pediatric respiratory failure, 8000 cases of adult
respiratory failure, 6000 cases of neonatal cardiac failure,
7500 cases of pediatric cardiac failure, and 6500 cases of
adult cardiac failure. The overall survival for the aggregate is
70 % with 60 % survival to discharge. The best overall sur-
vival (85 %) and survival to discharge (75 %) are for neonatal
respiratory failure with meconium aspiration syndrome diag-
nosis having 95 % survival, followed by respiratory distress
of the newborn at 85 %, and persistent fetal circulation/pul-
monary hypertension of the newborn and sepsis both at 75 %.

Congenital Diaphragmatic Hernia

There have been 7400 patients with CDH treated with
ECMO, with only a 51 % survival. Patients with CDH con-
tinue to have the poorest survival among all patents that
receive ECLS. The reasons for this are still unclear but likely
due to the irreversible pulmonary hypoplasia and fixed, per-
sistent pulmonary hypertension. Despite advances in prena-
tal imaging, stratification, and planning, the ability to
accurately and reliably predict survival remains elusive.
Moreover, CDH is a heterogeneous disease with multiple
patient and iatrogenic factors that contribute to the failure of
optimal medical management necessitating ECMO.

CDH is the most common indication for neonatal ECMO,
and survivors have more morbidity than non-CDH ECLS
survivors. Traditionally, many have favored VA-ECMO for
CDH patients owing to the simultaneous hemodynamic
effects of CDH. VA-ECMO adequately decompresses the
right heart and can salvage or rescue a failing heart allowing
it to recover from severe pulmonary hypertension, acidosis,
hypercarbia, and hypoxemia. Recently however, there has
been a gradual movement toward VV-ECLS with compara-
ble survival noted. Regardless of mode, cannulation of the
CDH patient presents unique challenges due to the severely
shifted and often-rotated mediastinum and great vessels; this
is true for both left and right CDH. One can easily find access
to the jugular lumen only to find the cannula meets resistance
in the chest or the ECMO flow is lower and inlet pressure
higher (more negative) than anticipated due to inadvertent
cannulation of the azygos vein. Image guidance, particularly
with digital x-ray or fluoroscopy, can be very helpful and is
encouraged.

Operative repair of CDH while on ECMO is preferred by
many and discouraged by others in favor of repairing the
CDH after decannulation. The ELSO database reports hem-
orrhage in 3540 % of CDH patients repaired on ECMO.
Anticoagulation strategies should be modified during an
operation performed on ECMO. Heparin infusion can be
lowered with goal ACT lowered to 160—180 s, the anti-factor
Xa level reduced to sub-therapeutic levels and aminocaproic
acid given, first as a bolus and then by continuous infusion

C.S. Muratore

during and for 24-72 h following repair. Although rare,
heparin-induced thrombocytopenia (HIT) can occur, and
argatroban or lepirudin may be used to provide systemic
anticoagulation. False-positive testing for HIT is relatively
high, and centers are urged to consult with hematology or the
blood bank to develop alternative strategies to heparin if
necessary.

Trauma, Infection, and ARDS

ECLS has been effective in many other clinical situations
such as blunt trauma with lung injury in children and adults,
with survival rates near 65 %. In select cases, ECLS has been
successfully applied for lung injury and ARDS associated
with traumatic brain injury with very careful attention to
anticoagulation. ECLS has been applied to patients with tra-
cheal anomalies requiring operative repair, mediastinal or
other pulmonary tumors with airway compromise that need
operative management where endotracheal intubation is con-
traindicated. ECLS has been very successfully applied to the
management for pediatric and adult patients with HIN1
pneumonia.

Despite early randomized trials of ECMO for adults with
severe acute respiratory failure and extracorporeal CO,
removal (ECCO,R) for severe ARDS that showed no benefit
of ECLS, ventilation strategies, principally “lung rest” cir-
cuit configurations and new technology, particularly short
circuits and centrifugal pumps, have evolved substantially,
and a number of more recent studies from experienced ECLS
centers reported survival rate of 50-75 % in adults with
severe respiratory failure. The excess morbidity and mortal-
ity from viral pneumonia and ARDS observed in young per-
sons during the HIN1 pandemic further prompted an increase
in the use of ECMO for adult respiratory failure with better
results of late. This further speaks to modern management
strategies for critical respiratory failure with standardized
protocols including low tidal volume ventilation, diuresis,
and prone positioning used in many centers with a great deal
of ECLS experience, who are also quite good at keeping
patients off ECMO.

Hypercarbic respiratory failure and extracorporeal CO,
removal (ECCO,R) are exciting area of interest. CO, clear-
ance is more efficient than oxygenation and depends largely
on sweep flow and membrane characteristics, rather than
blood flow. Although the use of ECCO,R has not been
robustly studied in acute exacerbations of airway disease, it
stands to reason that because the primary abnormality is ven-
tilator failure, the potential for lower flow rates or pumpless
configurations could offer more favorable side effect profiles
as compared with VV-ECMO. ECCO,R may also allow for
the minimization of sedation and promotion of early mobili-
zation in certain patients.
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There has been a renewed interest in the use of ECLS as a
bridging strategy to lung transplantation as mechanically
ventilated patients have a worse survival after lung trans-
plant. The 1-year survival in patients bridged to lung trans-
plantation from ECMO is approximately 60-75 % with the
duration of mechanical support before transplant inversely
related to outcomes. A strategy of “awake ECMO” for
patients awaiting lung transplantation has been reported
more frequently recently and offers the theoretical advantage
of early mobilization, rehabilitation, and avoidance of endo-
tracheal intubation and its associated complications. The
most appropriate ECLS configuration for a given patient
being bridged to lung transplant depends on the underlying
disease process. Patients with significant right heart failure
or hemodynamic compromise may require VA-ECMO sup-
port, whereas those with obstructive or restrictive lung dis-
ease can be supported with VV-ECMO or ECCO,R.

CPR

Other applications of ECLS have been in the form of extra-
corporeal cardiopulmonary resuscitation (ECPR) in patients
with cardiogenic shock, posttraumatic hypotension, hypo-
thermia, cold-water near drownings, arrhythmias, and car-
diac arrest with the ELSO Registry and literature
demonstrating an overall survival near 40 %. Interestingly,
many transplant programs are developing protocols to apply
ECMO in the setting of organ donation after cardiac death to
support organ function until organ procurement can be per-
formed. This extracorporeal organ support has been used
with reasonable success once institutional logistics and ethi-
cal considerations are resolved. Organs recovered and trans-
planted with this support strategy have functioned well and
offer the promise of expanding the available organ donor
pool for transplantation.

ECMO for septic shock remains controversial despite
international guidelines recommending ECMO in certain
cases. Survival outcomes vary widely (20-70 %) depending
on the patient characteristics and associated diagnoses.
Patient selection and cannulation strategy are critical. Recent
experience suggests the survival rate could be close to 50 %
for all patients with refractory septic shock but even higher
(~75 %) in children.

Editor's Comment

ECMO is now considered for any patient of any age with
severe respiratory distress that is potentially reversible and
refractory to standard therapy. For patients at the extremes of
age and size, technical issues still pose significant hurdles
though absolute contraindications are difficult to define and
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continue to evolve. For larger patients, arterial access is lim-
ited by the implications of ligating the cannulated vessel, and
venous return can be a significant issue, requiring sometimes
two or three cannulas to support adequate flow. A distal
internal jugular cannula (“brain drain”) can provide substan-
tial additional flow even in neonates and might relieve venous
congestion of the head. Venovenous ECMO has become the
preferred approach except when there is significant primary
cardiac dysfunction (and most infants with CDH).
Percutaneous VV cannulation is increasingly available and
should be used whenever possible.

VV-ECMO is associated with transient cardiac dysfunc-
tion (“stun”), presumably due to cytokine release or electro-
lyte shifts, and can prompt conversion to VA-ECMO. We
have found that stun is avoidable with a protocol that includes:
low initial flows (10 mL/kg/min for 8 min), calcium gluco-
nate 100 mg/kg IV (50 mg/kg in pediatric patients), and a
slow increase in flow (10 mL/kg/min every 2-3 min).

Cannulation can be challenging in neonates and should
not be taken lightly. The internal jugular vein tears easily,
sometimes requiring ligation and a second or third more
proximal attempt. One should use the smallest cannula that
allows adequate flow. The right 1J vein is usually the only
vein available in the neonate for safe cannulation and should
therefore be preserved. A common problem is for the can-
nula to pass for a short distance and then meet resistance
before it enters the atrium. Steady pressure might be suffi-
cient, but perforation of the SVC or right atrium is a concern.
Tricks include: using sterile water-soluble lubricant, gently
spinning the cannula as it is being advanced, lifting the
baby’s thorax off the bed for a short distance, and changing
the traction on the distal vein to straighten it (more traction)
or to relieve the natural narrowing that occurs when a tubular
structure is put on stretch (less traction). Rather than forcing
it, it is usually best to remove the cannula and regroup and
try again with a smaller cannula. In very rare cases, a portion
of the clavicle must be resected to expose the vein in the
chest, or a sternotomy with direct placement of a cannula in
the atrium is required.

Arterial cannulation is usually more straightforward, but
there is a risk of creating an intimal flap. The tip of the can-
nula must be within the true lumen. Some prefer to tack the
intima down with fine polypropylene stitches prior to
attempting cannulation. A common error is to position the
tip of the cannula in the aortic arch, which can limit flow to
the right arm and coronary arteries. The cannula should be
advanced no more than about 2.5-3 cm, leaving the tip in the
carotid artery rather than in the aorta.

Important considerations before agreeing to place a child
on ECMO include: an assessment of the patient’s candidacy
in the context of available institutional resources, activation
of the ECMO team, STAT echocardiography and head ultra-
sound, type and crossmatch for blood needed to prime the
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ECMO circuit, and informed consent after a frank discussion
of the indications, alternatives, anticipated benefits (it is a
bridge, not a therapy), and potential risks of the procedure
(especially bleeding and intracranial hemorrhage). The team
should also agree on the goals of ECMO as well as how long
it might be reasonable to continue in the absence of clinical
improvement.

Ultimately the goal for any patient on ECMO is to get off
ECMO, and every maneuver every day should be performed
with that goal in mind. Minimize fluid overload and start a
diuresis early. Gently increase ventilator settings to recruit
native lung function as early as is practical. Wean vasopres-
sors and unnecessary medications. Provide adequate intrave-
nous nutrition throughout the run. Have frequent discussions
with the family to review progress and discuss limitations.
Finally, if the infant is not responding as expected, repeat the
echocardiogram a second or third time—some congenital
heart lesions can be very difficult to identify early on.

ECMO for children in the PICU with trauma, sepsis, or
arrest of unknown etiology is somewhat controversial and
always technically demanding, especially if the patient is
actively receiving chest compressions. When in doubt, it is
reasonable to offer ECMO if resources are available and
the family and all team members understand its limitations.
It is important to have as much of the decision-making
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protocolized by committee ahead of time to avoid the
awkward and time-consuming back-and-forth among sur-
geons, intensivists, and perfusionists as to eligibility criteria,
best access site to use, the type and number of cannulas to
use, how long to hold CPR while dissecting out vessels, and
the other details of initiating an ECMO run at a time when
minutes count.
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Conjoined Twins

Gary E. Hartman

Conjoined twins are among the rarest developmental anoma-
lies with incidence estimates ranging from 1 in 50,000 to 1 in
200,000 births. Most of the sets identified prenatally die
either during pregnancy (25 %) or within 24 h of birth
(50 %). While it is claimed that the incidence among still-
borns is equal between boys and girls, girls predominate 3:1
among the live-born sets.

The twins are categorized by the location of the joining
(thoraco-, omphalo-, cranio-) combined with the Greek term
pagus (“that which is fixed”) (Table 14.1). The attachment of
an incompletely developed twin to the body of a fully devel-
oped twin is extremely rare and has been alternatively labeled
heteropagus or parasitic or asymmetric conjoining. Twins
joined at the chest and abdomen represent almost three quar-
ters of the reported sets. There are two theories of the etiol-
ogy of conjoined twins, the fission and the fusion theories.
Historically, it has been assumed that conjoined twins
resulted from incomplete separation of a monozygotic twin
embryo between the 13th and 15th day after fertilization. An
alternative theory (fusion) is that two embryos fuse after ini-
tially being separate. There is no association with previous
conjoining, maternal age, or parity. While conjoined twins fit
into the common classification categories with many simi-
larities among them, it is best to consider each set a unique
pair of individuals requiring careful anatomic evaluation and
possessing separate moral and ethical identities.

Diagnosis

The diagnosis can be established by ultrasound as early as 12
weeks gestation by identifying constant relative positions of
the fetuses, a single placenta with no separating membrane,
or a single umbilical cord with more than three vessels.
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Follow-up scanning at 20 weeks provides reliable visceral
detail and should include echocardiography. While fetal
echocardiography is quite accurate, it tends to underestimate
the degree of cardiac malformation and cannot reliably
exclude myocardial fusion. Three-dimensional echocardiog-
raphy provides greater detail. Since the chance of survival
and separability are largely dependent on the extent of the
cardiac anomalies, it is essential to obtain accurate cardiac
imaging. In some instances, the imaging windows available
are better prenatally than postnatally. If the pregnancy con-
tinues into the third trimester, a fetal MRI should be per-
formed as it provides excellent soft tissue resolution and a
larger field of view.

The frequency of associated anomalies and the site of
fusion dictate the need for postnatal diagnostic studies. All
sets should have plain radiographs of the chest and abdomen
to identify associated anomalies such as diaphragmatic
hernia, vertebral malformations, and cardiac lesions.
Echocardiography and cranial ultrasound should also be per-
formed in all cases. Additional studies are dictated by the
location of the conjoining; the timing of these studies depends
on their clinical condition. If the twins are stable, a few lim-
ited studies are obtained with the more complex imaging
awaiting a period of transition and growth. If the twins’ clini-
cal condition is tenuous or discordant, suggesting that urgent
separation might need to be considered, diagnostic studies
should proceed with thoughtful multidisciplinary input.

In thoraco-omphalopagus twins, the bowel gas pattern
might appear to be separate on plain radiographs but more
specific studies such as GI contrast or CT with contrast
should be obtained. Ultrasound of the liver, hepatic veins,
and abdominal viscera can provide valuable information
about separability and can be accomplished with portable
equipment if the infants are unstable. CT (Fig. 14.1) and
MRI of the head, chest, and abdomen are obtained under
general anesthesia and should be planned with sequences
and timing of contrast injections optimized to provide as
much dynamic information as possible while limiting the
duration of the studies.
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Table 14.1 Types of conjoined twins

Category Fusion Percentage (%)
Thoracopagus Chest/abdomen 20-40
Omphalopagus Abdomen 18-33
Pygopagus Sacrum/buttocks 18-28
Ischiopagus Pelvis 6-11
Craniopagus Cranium 2

Parapagus Ventrolateral New term

Fig.14.1 Sagittal CT of thoraco-omphalopagus conjoined twins

Modern imaging software that allows three-dimensional
reconstruction provides amazing detail and visualization of
the proposed separation. The cross-sectional images of the
viscera allow further planning both for the separation and the
reconstruction and calculations of the anticipated defect in
the body wall resulting from the separation. In addition, the
imaging allows flow estimations about twin—twin shunting at
the cardiac and visceral levels. In cases of possible separa-
tion with structural cardiac anomalies, cardiac catheteriza-
tion should follow the same indications as those of a singleton
infant and might also reveal pulmonary hypertension or sub-
stantiate cross-circulation. Imaging of the biliary trees should
be accurate from the MRI but in some cases should be sup-
plemented by nuclear imaging. Laboratory studies should
include basic metabolic studies as well as oxygen satura-
tions, arterial blood gases, and electrocardiograms. Twins
with even small myocardial connections will usually have
synchronous heart rates.

Twins joined at the pelvic (ischiopagus) and sacral
(pygopagus) regions often have complex vertebral, orthope-
dic, and genitourinary abnormalities; CT and MRI are
required to identify the bony and visceral anomalies as well

as possible fusion of the spinal cord. Multiplanar MRI is
helpful in cataloging the pelvic viscera (uterus, bladders, fal-
lopian tubes). Cross-circulation is sometimes significant in
these twins, and, as in thoraco-omphalopagus, the contrast
injection is done in one twin only and the scanning timed to
obtain arterial and venous information. Delayed images are
helpful in determining renal function. Complementary infor-
mation is obtained by performing contrast studies of the
genitourinary and gastrointestinal tracts. Cloacal anomalies
and single rectum are common and accurate definition of the
anatomy that is critical to planning the surgical separation.

Twins joined at the head are classified as craniopagus or
cephalopagus. Cephalopagus twins are usually also fused at
the chest and have generally been thought to be nonviable,
although a set of girls who are now 20 years old have chron-
icled their lives in short video clips on the Internet.
Craniopagus twins account for approximately 2 % of all con-
joining though they are more heavily reported in the lay
press. Some cases have separate duras but most have signifi-
cant connections of cerebral cortex and share at least a por-
tion of the sagittal sinus.

Twins joined side to side (parapagus) can have extensive
connections with complex pelvic anatomy. They usually
have a shared leg, a single symphysis pubis, and one or two
sacra. Unions that include the chest have complicated car-
diac anomalies similar to the thoraco-omphalopagus twins
and need extensive cardiac evaluation. The blood supply to
the shared pelvis and lower extremity can be outlined with
CT and MRI and rarely requires angiography.

Treatment

Multidisciplinary planning should begin prior to delivery.
Counseling regarding viability and the possibility of separa-
tion should be accomplished with input from specialists with
experience in the appropriate areas. Hospitalization is fre-
quently indicated late in the pregnancy with a planned cesar-
ean section although obstetrical complications are frequent
and often necessitate an urgent delivery. Stabilization in the
neonatal ICU should include standard neonatal care with
multidisciplinary evaluation and attention to privacy. While
in the NICU, public and media exposure is usually well con-
trolled, but excessive or unnecessary examination by medical
and hospital personnel is a risk and must be controlled. The
optimal situation is stabilization of the infants such that they
could be discharged home to return for further evaluation.
The optimal time for elective separation is undetermined
but has been suggested at between 4 months and 2 years. We
have noted that even with separation at 4 months of age, there
are already significant musculoskeletal changes that require
remodeling or physical therapy. On the other hand, larger
size, more time for tissue expansion, and more “durability”
of vessels and tissue are advantages of a delayed separation.
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Emergency separation needs to be considered when one
twin is unstable or if both physiologically deteriorate due to
their connection. If one twin dies, the other will succumb
within 4-6 h from disseminated intravascular coagulation. In
the absence of complete preparation for separation, emer-
gency separation should only be considered when the death
of one twin is imminent and the goal is salvage of the health-
ier twin. The specific management of each set of twins will
depend on their physiologic status and specific constellation
of conjoining and associated anomalies.

Thoraco-omphalopagus is the most common type of con-
joining. Twins joined at the pelvis will require involvement
of orthopedic, urologic, and neurosurgical colleagues, and
the operative plan will obviously be determined by the nature
of their connections. The anesthetic and team coordination
management of the twins begins with their diagnostic stud-
ies, as most will require general anesthesia. Experience with
the twins’ reaction to specific drugs, the degree of cross-
circulation, and their recovery patterns are helpful in plan-
ning the separation procedure. We combine studies whenever
possible, having obtained CT, MRI, and cardiac catheteriza-
tion under a single anesthetic. Even with limiting of data
acquisition, this can take 6-8 h.

Tissue expansion is usually required to obtain adequate
skin coverage of the large body wall defect created by the
separation. We have used tissue expanders in twins as young
as 2 months of age and have placed the expanders either on
the connecting bridge itself or parallel to it. The expanders
can be filled fairly rapidly, with weekly injections, usually
either with topical anesthetic or a brief general anesthetic.
Care must be taken to avoid excessive pressure, as the
expanders are placed on both lateral surfaces of the twins.
The timing of the insertion and expected expansion needs to
be coordinated with the separation date.

Younger twins or those requiring a preoperative bowel
preparation should be admitted the day prior to separation,
though we have admitted older twins with separate gastroin-
testinal tracts on the day of surgery. Some centers insert all
monitoring lines under a separate anesthetic on the day prior
to separation. The induction; insertion of central and periph-
eral venous, arterial, and urinary catheters; temperature
probes; and positioning with careful padding of pressure
points usually requires at least 2 h (Fig. 14.2).

The initial incision is centered at the midpoint of the con-
necting skin bridge, and the tissue expanders on the “up” side
of the twins are removed. The abdomen is easily entered at the
umbilicus, which frequently has a small omphalocele mem-
brane that is usually epithelialized by the date of separation.
The abdominal portion of the body wall connection is opened,
and the peritoneal cavity of each twin is entered and the vis-
cera inspected. The fused sternum on the “up” side is then
carefully entered, which can be done without entering the
common pericardium or separate pleural spaces. The pleurae
of each twin can be bluntly dissected free of the sternal edges

Fig.14.2 Twins positioned with monitoring in place

to expose the pericardium, which is entered again at the mid-
point of the connection. The degree of any cardiac connection
can now be assessed, and preparation for potential cardiac
bypass or pacing begun.

Opening of the abdomen and chest has thus allowed com-
plete assessment of the visceral connections. Our strategy
has then been to complete the separation of the abdominal
viscera and the abdominal body wall of the “down” side
prior to any cardiac procedures — although cannulation for
bypass is possible in the lateral position, this would allow for
expeditious separation of the “down” sternum should either
twin deteriorate.

The majority of thoraco-omphalopagus twins have a
fused liver, usually with separate biliary and vascular supply
but with significant intraparenchymal vascular connections.
On occasion, the livers are completely separate though
touching. Bowel connections are separated with stapling
devices and reconstruction deferred until separation is com-
plete. Splitting of the diaphragm allows exposure to the con-
tralateral surface of the liver connection, which can be
encircled with umbilical tape or a Penrose drain. We have
had good results dividing the liver with a variety of devices
including the harmonic scalpel, hydro-dissector, bipolar and
monopolar coagulators, and direct suture ligation. At the
completion of the separation, the raw surface can be sealed
with the argon beam coagulator with little risk of a bile leak.

Attention is then turned to the cardiac separation. The car-
diovascular strategy depends on the degree of connection,
structural integrity of each heart, and the physiologic status of
each twin. Sometimes the hearts are completely separate
within a common pericardium, in which case the posterior
body wall is separated and tissue expanders on the “down” side
removed. Myocardial connections can be small or large and
are frequently atrial. A significant ventricular connection is
usually identified preoperatively and precludes separation. The
myocardial connections are test clamped to identify the physi-
ologic consequences of their separation. While preparations
for pacing or bypass are made ready prior to the division of the
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connection, they have not been necessary. Once the myocardial
connection is severed and closed, the posterior body wall is
completed, and the twins rotated to the supine position. In the
absence of structural cardiac anomalies, one twin is moved to
a separate operating room with his or her entire team so that
reconstruction of the body wall can proceed simultaneously.

Structural cardiac malformations can be repaired or
deferred depending on the magnitude of the corrective sur-
gery, the need for cardiopulmonary bypass, and the physio-
logic status of the twin. Our most recent separation outlines
the cardiac options and strategies. The twins shared a large
atrial connection approximately 6 cm in cranio-caudal
dimension. One twin had double-outlet right ventricle, while
the other had left main pulmonary artery stenosis with sig-
nificant pulmonary hypertension. During test clamping of
the atrial connection, both twins remained stable, and sepa-
ration was uneventful. The twin with pulmonary artery ste-
nosis underwent patch angioplasty and definitive body wall
reconstruction and closure. The twin with double-outlet right
ventricle underwent definitive closure of the abdomen with
skin closure of the chest. She was stabilized for 48 h and then
underwent cardiac repair with reconstruction and closure of
the chest. While bypass was available, the ability to avoid its
use immediately after the liver separation appears to have
contributed to the uneventful recovery of both twins.

Following separation, the abdominal and thoracic viscera
are inspected and repaired (Fig. 14.3). Hemostasis is ensured,
and the abdomen is closed with minimal tension, which usu-
ally means placing a soft tissue patch in the upper fascial
closure. Prosthetic material is used to provide a stable bridge
between the sternal halves. We prefer sheets of material as
opposed to struts and have had good experience with lactic
acid polyglycolic acid copolymer products. The skin flaps
are then generously mobilized and closed over drains placed
in the mediastinal and subcutaneous spaces. If closure of
both twins is completed at the same time, their return to the
critical care area should be staggered.

Fig. 14.3 One thoraco-omphalopagus twin after separation. The ster-
num is still split, revealing the heart and the cut edge of the divided liver
bridge that is visible below the diaphragm

Postoperative Care

A written plan for the postoperative care with individuals
from each discipline identified and specific responsibilities
spelled out in detail minimizes confusion postoperatively.
Preprinted order sets that have been reviewed and agreed
upon by all relevant disciplines are also helpful. Initial care
is directed at optimization of respiratory and hemodynamic
status. Careful fluid and ventilator management predomi-
nates in the first days, but careful monitoring of liver func-
tion, fluid drainage, and the viability of skin flaps is also
important. Early revision of any problems with the chest
wall stabilization and skin flaps facilitates weaning from
mechanical ventilation. Nutrition is critical, and a period of
tube feeding should be anticipated. As recovery progresses,
a physical therapist should address the musculoskeletal
issues imposed by the conjoining and the separation.
Hospitalizations of 2—4 weeks should be anticipated for rela-
tively uncomplicated recoveries and longer if any complica-
tions intervene. Long-term care is directed at any underlying
structural anomalies that required correction and the body
wall reconstruction.

Planning Process

Almost every series or case report about conjoined twins
stresses the need for careful and intense planning for a suc-
cessful outcome. A strategy that we have employed is regu-
larly scheduled (weekly or every other week) meetings
including a representative from every involved medical and
surgical discipline, hospital operational departments, and
nursing and hospital leadership (Table 14.2). A flow diagram
of each step of the process with a responsible individual
identified is helpful. This working group anticipates all out-
come scenarios and develops strategies for each with infor-
mation gathered along the way from diagnostic studies and
the twins’ responses to anesthesia and the environment.
Mock-ups of the operating room with a specified location for
each individual and piece of equipment are done on paper
and then tested in person with walk-throughs in the desig-
nated operating room (Fig. 14.4). All equipment should be

Table 14.2 Planning team—thoraco-omphalopagus

Anesthesia Pediatric surgery
Cardiology Cardiothoracic surgery
Radiology Plastic surgery

Laboratory medicine Critical care

Operating room director Operating room nursing

Critical care nursing Social services

Physical therapy Admitting/registration

Medical records Hospital administration

Security Public relations/media
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turned on to test the electrical capacity of the room, which
frequently needs supplementation with temporary power
(up to 100 A or more).

On the day of separation, attention to security and crowd
control is facilitated by having a room general who has no
clinical responsibilities but has the authority to remove any-
one from the room. Accommodations for legitimate educa-
tional and clinical interest can be accomplished with a video
feed to designated secure viewing areas. For particularly
lengthy procedures, planning should include rest periods for
staff and a designated individual to relay progress reports to
the family.

Editor’'s Comment

One still occasionally sees the obsolete and insensitive term
“Siamese twins” in the lay press and in the medical literature
(even from presidential candidates, who should know bet-
ter). The proper term, for some time now, is “conjoined
twins.” Computer-enhanced three-dimensional imaging has
allowed for much better preoperative planning for these
often extremely difficult and tedious operations, but the
assembling of a team of experts and meticulous planning of
each minute detail, including contingency plans for every
conceivable snag, is still the most important aspect of the
care of these unique individuals. Given the intense societal

G.E. Hartman

interest in these cases, it is also advisable to involve a team
of bioethicists, hospital administrators, and public relation
experts from the very beginning so that medical personnel
can concentrate on providing excellent care without being
distracted.
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Nicholas E. Bruns and Anthony L. DeRoss

Unintentional injury is the leading cause of death in children
older than 1 year. The most common types of injuries vary
across subsets of pediatric age groups and include those
related to motor vehicle crashes, drowning, fires, falls, homi-
cide, and suicides. For infants, homicides tends to be from
physical abuse; in adolescents it tends to be associated with
firearms. For all ages, blunt trauma is seen at far greater fre-
quency than penetrating trauma.

The care of a pediatric trauma patient differs from that of
an adult in many ways. Children are less likely to have
comorbid conditions or to take multiple medications.
Children therefore have a greater physiologic reserve, allow-
ing them to maintain hemodynamic stability in the setting of
severe injury for some time. However, sudden deterioration
with grave consequences can follow unless intervention is
timely. Pediatric trauma providers must rapidly recognize
and treat life-threatening injuries in the trauma bay before
they become irreversible.

Developmentally children have bones that are less calci-
fied and more pliable than those of adults. This difference
may lead to internal organ injury without an overlying frac-
ture, most commonly seen with pulmonary contusions and
injuries to solid abdominal organs. Finally, children have
relatively larger internal organs that are in close proximity,
resulting in a higher incidence of multisystem injury. Given
the additional difficult task of obtaining a reliable exam in
younger patients, it is prudent to maintain a high level of
suspicion for additional injuries.
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Intentional trauma is frequently encountered in pediatrics.
Approximately half of deaths from child abuse involve vic-
tims of prior abuse that was not recognized or treated appro-
priately. It is imperative to be aware of the signs of child
abuse and of the appropriate channels for involving legal
authorities in each jurisdiction and institution.

Preparation

Prior to being on call for trauma, it is important to familiarize
oneself with the emergency department and trauma facilities.
It is essential that one knows where the airway cart, chest
tubes, IV access, medications, and other equipment are located
so that valuable time is not wasted searching for equipment
after the patient has arrived. Extra consideration should be
given for combined adult/pediatric hospitals where it may be
more difficult to locate appropriately sized equipment.

Upon notification of a trauma patient’s impending arrival,
the trauma team should assemble, and each member’s role
should be clearly defined. The trauma attending, fellow, or
chief resident is typically the team leader. The person with the
most intubation experience, often an emergency medicine
physician or anesthesiologist, should manage the airway. A
junior fellow, resident, nurse practitioner, or physician assis-
tant should perform the primary survey. Although the team
leader could fill this or any other roles, if insufficient person-
nel were available, the team leader should ideally focus on
running and supervising the trauma. Trauma nurses or medics
should establish IV access and connect the patient to a cardio-
respiratory monitor, pulse oximeter, and blood pressure cuff.
In this way, the elements of the primary survey can be com-
pleted simultaneously, expediting treatment. Additional team
members should include a radiology technician, a respiratory
therapist, and a recorder to document progress and medica-
tions administered during the trauma resuscitation.

In order to provide the best care most efficiently, it is
important to have some understanding of the normal vital
signs for pediatric patients (Table 15.1). Beyond 12 years of
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Table 15.1 Normal vital signs by age

Age group Weight range Heart rate
(in months or years) (in kg) (beats/min)
Infant 0-12 months 0-10 <160
Toddler 1-2 years 10-14 <150
Preschool 3-5 years 14-18 <140
School age 612 years 18-36 <120
Adolescent >13 years 36-70 <100

N.E. Bruns and A.L. DeRoss

Blood pressure Respiratory Urinary

(mmHg) rate (breaths/min) output (mL/kg/h)
>60 <60 2.0

>70 <40 1.5

>75 <35 1.0

>80 <30 1.0

>90 <30 0.5

Source: Reprinted with permission from Advanced Trauma Life Support, 9th Edition, American College of Surgeons, 2012

age, pediatric patients exhibit vital signs similar to those
of adults. This information as well as equipment sizing
and medication dosing is available on the Broselow®
Pediatric Emergency Tape, an essential tool for any pediatric
trauma center.

Primary Survey

Advanced Trauma Life Support® has established the pri-
mary survey as the first steps in the care of trauma patients.
The primary survey consists of thorough but efficient evalu-
ation of the following categories in order of priority: airway,
breathing, circulation, disability, exposure/environment.
Using this sequence, most life-threatening injuries can be
identified, and interventions can be initiated.

Airway

Hypoxia is the most frequent cause of cardiac arrest in chil-
dren. Ensuring that there is a patent airway is the first step in
preventing hypoxia. The airway can be quickly assessed by
asking the patient to speak. Crying is an indication of airway
patency in infants as well as in older patients.

Airway anatomy in infants is unique due to their substan-
tially larger occiputs, shorter tracheas, and increased amount
of soft tissue in the oropharynx. A 1-in. roll may be positioned
under the upper back of the supine infant to maintain neutral
positioning. The crowded oropharynx and shorter trachea can
make orotracheal intubation more challenging. Finally, the
funnel-shaped subglottic entry of the pediatric airway may
be a source of obstruction for a slightly large endotracheal
tube even if that tube is able to pass through the vocal cords.

A suction catheter should be readily available to clear
secretions, blood, or debris in a patient with airway obstruc-
tion. A jaw thrust can be useful in the event of an airway
obstruction with care to maintain a neutral cervical spine
position until a spinal injury has been ruled out. Bag-mask
oxygenation should be used to achieve adequate oxygen sat-
uration prior to intubation.

Oral airways may be used temporarily until a definitive
airway is established, but they should not be used for long
periods. They should only be considered in the unconscious
patient as they can induce gagging and vomiting. Children
are more susceptible to palatal trauma during insertion which
can lead to hemorrhage. Thus, oral airways should not be
rotated, which can cause additional trauma.

Orotracheal intubation is the preferred method for secur-
ing an airway. Although there are numerous algorithms in
existence, it is important to know the medication dosing and
steps for rapid sequence intubation in a particular institution.
It is helpful to keep a copy for reference in the trauma room
(Fig. 15.1). Pre-oxygenation is administered through bag-
mask ventilation until adequate oxygen saturation is
achieved. In infants, atropine is administered to prevent the
bradycardia that often occurs with laryngeal stimulation.
Sedation is achieved with etomidate or midazolam. Smaller
doses are used in hypovolemic patients. Paralysis is induced
with succinylcholine (preferred in patients without an obvi-
ous contraindication such as severe burn or crush injury),
vecuronium, or rocuronium. This sequence should only be
enacted by an experienced clinician in the company of a pro-
vider capable of providing a surgical airway.

In many institutions, uncuffed endotracheal tubes are
preferred for use with premature infants and neonates.
Cuffed tubes are used for most patients. The endotracheal
tube size can be estimated by the size of the child’s fifth finger
or with the formula age in years/4 +4. After intubation, it is
important to verify with auscultation, end-tidal CO, (greater
than 35 mmHg), and chest radiograph. Children have short
tracheas, sometimes no more than 5 cm. This anatomy
increases the risk of endotracheal tube migration, resulting in
right mainstem intubation or extubation. A rule of thumb is
that the tube should be placed to a depth measured from the
lips of three times the diameter of the tube. The Broselow®
tape also lists guidelines.

Although there must be a sense of urgency during any
trauma resuscitation, especially if the airway is in jeopardy, it
is important for the clinician to remain composed even in the
face of adversity. Unless there has been severe injury to the
face or airway, correctly executed bag-mask ventilation can in
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Fig.15.1 Algorithm for
rapid sequence intubation for
pediatric patients (Reprinted
with permission from the
Advanced Trauma Life
Support, 9th Edition,
American College of

Surgeons, 2012)

Preoxygenate
Atropine sulfate (infants only; less than 1 y/0)
0.1-0.5 mg
Sedation
Hypovolemic Normovolemic
Etomidate 0.1 mg/kg, or Etomidate 0.3 mg/kg, or
Midazolam 0.1 mg/kg Midazolam 0.1 mg/kg
Paralysis*
Succinylcholine Vecuronium Rocuronium
<10kg:2mgkg  °° (0.1 mg/kg) or (0.6 mg/kg)
>10 kg: 1 mg/kg
Intubate, check tube position

*Proceed according to clinical judgement and skill/experience level.

most cases be continued indefinitely, providing enough time
to secure a more definitive airway. If orotracheal intubation is
unsuccessful after three attempts, then a surgical airway
should be strongly considered. A surgical cricothyroidotomy
may be safely done in children 11 years or older, but in chil-
dren under 11 years of age, cricothyroidotomy should be
avoided due to the small size of the cricothyroid membrane
and potential injury to the airway. In these younger patients,
needle jet insufflation or needle cricothyroidotomy is pre-
ferred until the child can be transferred to the operating room
for a formal tracheostomy.

Breathing

Even if a child’s airway is intact, mechanical ventilation
might be necessary if gas exchange is inadequate or if the
patient cannot protect his or her airway. When evaluating a
child’s breathing, it is important to recall the normal respira-
tory rate (Table 15.1). Normal spontaneous tidal volume in
children is 4-6 mL/kg. Vigorous ventilation can cause baro-
trauma. Pediatric bag-mask devices should be used in
patients weighing less than 30 kg.

The pediatric patient has a more supple mediastinum,
increasing the risk of tension physiology in the setting of a
pneumothorax. The appropriately sized chest tube can be
determined from the Broselow® tape. When deciding
between sizes, we usually select the largest size able to fit
through the intercostal space of the child. After placement of
a chest tube, it is important to obtain a radiograph to confirm
position as well as to assess the therapeutic benefit of the
tube. In the setting of a large air leak or persistent pneumo-
thorax, one needs to consider the possibility of a bronchial
injury, which often necessitates placement of an additional
chest tube in the trauma bay with plan for more definitive
evaluation with bronchoscopy once the patient is stabilized.
Chest tube output should be monitored closely in the trauma
setting. Immediate output of 20 mL/kg or continuous output
of >3 mL/kg/h suggest a major vascular injury and are indi-
cations for thoracotomy.

Circulation
Circulation is assessed by vital signs and by physical exam-

ination findings. A pulse exam should be performed, and
the child assessed carefully for signs of hemorrhage.
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Significant occult blood loss can occur internally in the chest,
abdomen, pelvis, or extremities. Externally hemorrhage
may transpire at the scene, in transit or in the trauma bay.
In infants, significant bleeding can occur in the cranium due
to the plasticity of the skull.

Signs of shock in children can be difficult to recognize for
the inexperienced clinician. With blood loss of <30 %, they
might maintain normal range of blood pressure with only
mild tachycardia. In fact, many children will not exhibit
hypotension until after blood loss of >45 % has occurred.
Clinical signs such as lethargy and prolonged capillary refill
can aid in the assessment of circulation. A high index of sus-
picion is critical.

Intravenous access may be obtained by many methods.
We prefer placing two peripheral IVs in the upper extremi-
ties or saphenous vein at the ankle. If a peripheral IV cannot
be secured in a timely fashion, intraosseous access is obtained
at the anteromedial proximal tibia or distal femur. Large-
bore introducer central lines may be placed percutaneously
by Seldinger technique in the saphenofemoral region.
Finally, venous cutdown may be performed at the saphenous
vein at the ankle or in the groin. Venous access in the lower
extremities is contraindicated if there is an obvious lower
extremity injury or suspicion for internal hemorrhage from
the pelvic vessels or inferior vena cava. Internal jugular or
subclavian venous sites should be avoided unless absolutely
necessary due to the physical impedance of the cervical
spine collar and the potential for iatrogenic pneumothorax.

As soon as IV access is established, a 20-mL/kg bolus of
isotonic fluid such as 0.9 % normal saline or lactated Ringer’s
solution is administered, especially if the patient exhibits
hypotension, tachycardia, altered mental status, or other
signs of significant blood loss. If the patient does not respond
with improvement in vital signs, an additional 20-mL/kg
bolus should be given. O-negative packed red blood cells
should be administered, typically in 10-mL/kg increments, if
there has not been an adequate response after two fluid
boluses. When significant blood loss has been reported at the
scene or if blood loss is ongoing, resuscitation may be started
with blood transfusion instead with crystalloid solutions.

There is growing evidence that balanced transfusion with
red blood cells, fresh frozen plasma, and platelets in a 1:1:1
ratio may be beneficial in the setting of massive transfusion.
The aim of this approach is to return blood products in simi-
lar proportion to the blood lost. Most institutions have a mas-
sive transfusion protocol—the trauma surgeon and team
must be aware of it and know how to activate it.

The trauma surgeon should be familiar with the concept
of permissive hypotension in the setting of massive hemor-
rhage. Achieving a normal blood pressure before bleeding
that can be definitively stopped can allow continued hemor-
rhage. Thus, IV fluids and transfusion to replace blood loss
should be carefully titrated to maintain perfusion while try-
ing to stop the hemorrhage. Urine output should be closely
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monitored with a goal of 2 mL/kg/h in infants and 1 mL/kg/h
in older children. In the setting of hemorrhagic shock, urine
output will not normalize until the source of hemorrhage is
controlled.

Pediatric Advanced Life Support (PALS) should be initi-
ated in case of cardiopulmonary arrest. In patients who have
spontaneous return of circulation, there is up to a 50 % neu-
rologically intact survival rate. Though emotionally taxing to
contemplate, the outcome after prolonged loss of circulation
is dismal. The entire team should make a unified decision
when to deem resuscitation futile.

In a moribund patient with penetrating trauma to the
chest, a resuscitative thoracotomy may be considered.
However, in the setting of blunt trauma when loss of vital
signs occurs prior to arrival in the trauma bay, the mortality
rate is nearly 100 %, and resuscitative thoracotomy is not
recommended. Providers should consider the risks to them-
selves as well as the resources involved prior to attempting
thoracotomy. As always, personal protective attire and uni-
versal precautions should be standard for all members of the
trauma team to minimize risk.

Disability

As part of the primary survey, a basic neurologic exam
should be performed including cognitive, pupillary, and
motor assessments. The Glasgow Coma Scale (GCS) should
be calculated. The verbal score is modified for use with chil-
dren such that a score of 5 corresponds with appropriate
words or social smile. In patients with an impaired GCS, it is
especially important to provide adequate resuscitation to pre-
vent secondary injury to brain tissue due to hypoperfusion.
In patients transferred from another facility, communication
between the two hospitals is imperative to relay exam find-
ings and interventions including medications administered.

The brain doubles in size during the first 6 months of life
and reaches 80 % of adult size by 2 years of age. With a rela-
tively larger brain-to-body ratio than in adults, cerebral blood
flow is increased with a peak level twice that of an adult by
age 5 years. This physiology increases the susceptibility of
the pediatric brain to hypoxic injury. In addition, the arach-
noid space is thinner, which leaves the parenchyma with less
protective cushioning. In infants, bulging fontanelles can be
a sign of severe intracranial injury. Seizures commonly occur
in children with intracranial injuries. Persistent vomiting is
another sign that should raise suspicion for a head injury. If
there is any concern for intracranial injury, a non-contrast CT
scan should be performed.

In the child with intracranial hypertension, a few thera-
peutic maneuvers can be performed in the trauma bay. The
head of the bed should be elevated 30° by putting the patient
into reverse Trendelenburg position while maintaining spinal
precautions. Mannitol may be administered, but as with all
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hyperosmolar therapy, care must be taken to prevent hypovo-
lemia with the induction of diuresis. A Foley catheter should
be placed to monitor urine output and to prevent rapid over-
distension of the bladder. The use of hypertonic saline has
been increasing among trauma centers with favorable out-
comes. In contrast, recent theories on the use of hyperventi-
lation have raised concern for increased risk of decreased
cerebral blood flow and increased secondary ischemia.
Hyperventilation has therefore fallen out of favor as a stan-
dard tactic in the trauma bay; if utilized, concomitant
advanced neuromonitoring to rule out cerebral ischemia
should be strongly considered. Finally, close communication
with a pediatric neurosurgeon is paramount in the treatment
of the trauma patient with neurologic injury.

Children have proportionally larger heads allowing
greater angular momentum and increased risk for cervical
spine injury. Children with a normal neurologic exam with-
out cervical tenderness or a distracting injury are candidates
for clinical cervical spine clearance. Clinical clearance
should be done by an experienced physician at the senior
resident level or above. If patients have pain, tenderness,
altered mental status, positive neurologic findings, distract-
ing injury, or other signs raising the possibility of cervical
spine injury, a properly fitting collar should be placed until
further evaluation is completed. Clinical clearance can be
challenging in patients younger than 3 years old. Imaging
should be considered if injury is suspected and a reliable
exam cannot be obtained. Cervical spine precautions should
be maintained if any concern for injury exists. In many cases,
the cervical spine can be cleared clinically within the first
24 h after presentation once the anxious child has been
calmed and other injuries have been addressed. Thoracic,
lumbar, and sacral spine precautions should consist of main-
taining the patient in the supine position and log rolling when
necessary. Attention must be paid to removing the rigid spine
backboard as soon as possible to prevent decubitus pressure
injuries. Use of the backboard should be discontinued after
2 h and certainly before the patient leaves the trauma bay
unless he or she is being transferred to another institution. A
spinal service consultation should be initiated if the spine
cannot be cleared. Most trauma centers have a spine protocol
or set of guidelines for management with which involved
personnel should be acquainted.

Exposure

All clothing should be removed from the patient to ensure
that a comprehensive physical examination can be per-
formed. Examination of the posterior aspects of the body
must be included. Care must be taken by providers to pre-
vent further injury to the patient or themselves as clothing
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may be wet or contain debris from the scene such as glass or
chemicals.

Increased surface area-to-mass ratio in children places
them at increased risk for hypothermia, worsened by them
having less insulating fat and a higher basal metabolic rate.
Some measures to combat hypothermia include increasing
the ambient temperature in the trauma room, use of an active
warming blanket, and infusion of warm IV fluids or blood
products. More aggressive rewarming techniques such as
peritoneal lavage and cardiopulmonary bypass should be
considered in extreme cases. Failure to recognize hypother-
mia can be devastating, leading to secondary injury from
hypocoagulability and ongoing blood loss.

Labs

For any patient with significant trauma, a complete blood
count and type and cross match are usually routine. It is
important to recall that in the setting of acute injury, hemo-
globin and hematocrit levels may not accurately reflect the
degree of blood loss. For patients with suspected abdominal
injury, we recommend liver function tests, pancreatic
enzymes, and a urinalysis to assess for hematuria. If cross-
sectional abdominal imaging is planned, these labs may not
be necessary. For the patient who is in shock or intubated,
arterial blood gas samples can provide important informa-
tion during resuscitation including the partial pressure of
gases as well as the base deficit.

Catheters

For any patient in shock, unconscious or intubated, a urinary
catheter should be placed for accurate urine measurement. If
there is blood at the urethral meatus, a retrograde urethro-
gram or CT cystourethrogram should be performed prior to
catheter insertion. If there is any injury to the urethra, a uro-
logic consultation should be obtained.

Nasogastric or orogastric tubes are helpful in many cases.
Children may be more prone to gastric distention from swal-
lowing air while crying, but nasogastric tubes are usually not
needed in the awake, neurologically normal patient. In intu-
bated patients, orogastric tubes can help to prevent aspira-
tion. Nasogastric or orogastric tubes can provide potential
access later for feeding and medications, although a sump
tube placed initially in the trauma bay should be replaced by
a feeding tube for these more long-term uses. In the awake
patient with vomiting or concern for bowel injury, insertion
of a nasogastric tube is indicated. If there is significant facial
trauma, an orogastric tube is preferred to avoid inadvertent
penetration into the cranial vault.
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Imaging

Pelvis and chest radiographs are obtained on most blunt
trauma patients. In general, cross-sectional imaging such as
CT or MRI is more sensitive and specific for internal inju-
ries. With nonoperative management now the standard for
low-grade solid organ injury, CT has become an integral
tool. Although there is hesitancy to expose children to ion-
izing radiation, the consequences of missed injuries can be
significant. Based on data from survivors of the atomic bomb
attacks in Japan, it has been estimated that the lifetime risk of
developing a radiation-induced cancer after a CT scan is
approximately 1 in 1000. However, this estimate may be
high. More recent studies in children who received CT scans
suggest that the risk is more likely closer to 1 in 10,000 for
development of a brain tumor or leukemia within 10 years. If
imaging is considered necessary, the patient should be hemo-
dynamically normal prior to transfer to the CT scanner. In
addition, it is prudent to send a capable member of the trauma
team with the patient in case of deterioration.

Focused assessment with sonography for trauma (FAST)
exam may be helpful in certain situations. Perhaps the most
useful application is in the multisystem blunt trauma patient
with hemodynamic instability where a trip to the radiology
department carries risk for decompensation. Other benefits
of FAST exam are that it is low cost and easily repeatable.
Some pitfalls of the FAST exam are that it is only moderately
sensitive and nonspecific. In the era of nonoperative manage-
ment for solid organ injury, FAST exam does not provide
enough information to make an informed treatment decision;
it can detect free fluid but offers little additional information
regarding the source. However, assuming it does not delay
care, there is little downside to performing a FAST exam.
Further, regular practice by clinicians may be helpful in
maintaining competency.

Diagnostic peritoneal lavage has become obsolete in most
practices. It may still be of benefit if CT scan and ultrasound
are unavailable or if there is a need to identify an intraperito-
neal source of hemorrhage or bowel injury in an unstable
patient.

Secondary Survey

After completion of the primary survey and its adjuncts, the
secondary survey should be performed. This includes a head-
to-toe physical exam and detailed history from the parents or
caregivers. Tetanus immunization status should be obtained
to determine the necessity for tetanus prophylaxis. Any areas
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with visible injury or tenderness should have plain radio-
graphs to assess for fractures. If injuries are recognized dur-
ing the primary survey, these images may be obtained at the
same time of the pelvis and chest X-rays. However, if the
patient is hemodynamically unstable, clinical judgment
should be used to determine the appropriate timing of these
additional x-rays.

If the institution where the child initially presented has
insufficient resources to provide optimal care, then the
patient should be transferred to the nearest facility that can
provide definitive care. In general, diagnostic tests beyond
the primary survey should be deferred as soon as the decision
is made to transfer the patient. Additional studies may be
appropriate if they influence the course of management, but
they should not result in delay of transfer.

Special Considerations

Any patient with a seatbelt sign should be investigated for
hollow viscous injury and lumbar spine injury. This phenom-
enon is caused by an ill-fitting seat belt that rests above the
iliac crests leading to rapid deceleration and subsequent rec-
tus lacerations, small bowel injuries, or Chance fractures.
The presence of a seatbelt sign should prompt an abdominal
CT scan with spinal reconstructions or plain films with plan
for laparotomy or laparoscopy if the patient exhibits perito-
nitis or instability.

Penetrating abdominal trauma in the hemodynamically
normal patient may be evaluated with local wound explora-
tion. If there is no penetration of fascia, observation is appro-
priate. If the fascia is violated or local exploration is
equivocal, CT or operative exploration is warranted. Most
penetrating injuries to the abdomen require exploration in
the operating room.

Due to the pliability of the chest wall, the force of impact
may reach the pulmonary parenchyma resulting in pulmo-
nary contusions, even without rib fractures. In fact, the pres-
ence of rib fractures indicates a high magnitude of energy
transference to the thorax.

Child Abuse

Unfortunately, intentional trauma to children is not uncom-
mon in our society. The following signs or symptoms should
raise a flag that child abuse has occurred: inconsistent histories
from caregivers; history that is not consistent with the child’s
developmental stage; delay in seeking treatment; history of
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repeated trauma; bruising in various stages; multiple scars or
old fractures; genital, perineal, or perianal injuries; multiple
subdural hemorrhages; and retinal hemorrhages. Most states
require that physicians report cases to local child-protective
authorities when suspicion has been raised for child abuse.

Summary

Resuscitation in the trauma bay is perhaps the most critical por-
tion of the entire hospital course for the pediatric trauma patient.
Adherence to the principles of trauma resuscitation and mind-
fulness of the anatomical and physiologic distinctions of the
pediatric patient facilitate optimal treatment. Pediatric trauma
providers must remain vigilant so that life-threatening injuries
are recognized efficiently and treated promptly.

Editor’'s Comment

The development of science-based protocols for the treat-
ment of injured adults and children is one of the most signifi-
cant advances in medicine. Modern pediatric trauma systems
are examples of the benefits of teamwork and the practical
application of evidence-based diagnostic and therapeutic
guidelines. The trauma bay should have one recognized
leader who welcomes input from any member of the team.
The leader should use a gentle but firm voice without shout-
ing or bullying. Every finding and intervention should be
carefully recorded, and every resuscitation should be video
recorded and reviewed in a systematic way as part of a formal
quality improvement program. Parents should be allowed to
be present and every aspect explained to them by an experi-
enced liaison who stays at their side the whole time. The
child should be kept warm and comfortable, with narcotics
and anxiolytics as needed, and everything explained in an
age-appropriate manner. All procedures should be done by
experienced personnel or senior residents in training, but
never by a “first-timer”—the stakes are too high and the
teaching value overrated.
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In pediatric trauma, there is a tendency for exaggerated
personal emotional reaction and heavy-handedness in the
delivery of care: over-hydration, overexposure to cold and
radiation, overprotection (incomplete physical examina-
tion, tubes and catheters that are too small), superfluous
laboratory studies, excessive concern about medical liabil-
ity, and failure to use implements of appropriate size. In
every aspect of the injured child’s care, one should strive
for a “just-right” approach based on scientific evidence and
experience.

Emergency thoracotomy can be a controversial decision
given how difficult it is to feel as though we have “given up”
on a child who is gravely injured. Every institution should
have a protocol as to when it should be considered so that
team members are not made to feel as though they have to
decide under duress. Data support the use of emergency tho-
racotomy in children after penetrating trauma and only a
short period of lack of vital signs. It should never be done for
teaching purposes or when it is clear that the likelihood of a
reasonable neurocognitive result is clearly minimal.
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Christopher B. Renjilian and Matthew F. Grady

Concussion is increasingly recognized as a common and
clinically significant form of traumatic brain injury (TBI).
According to the Centers for Disease Control and Prevention,
1.6-3.8 million concussions occur annually in the United
States, many of whom are children or adolescents. Although
in most cases the clinical signs of concussion eventually
fully resolve, the symptomatic period is often marked by sig-
nificant impairment. There is also now greater awareness by
both the medical profession and the general public that
repeated or complicated concussions can increase the risk of
long-term disability.

Surgeons and their team members are likely to encounter
patients with concussion in the emergency department, in the
office, or on the sidelines of sporting events. In many cases,
surgeons are the first to diagnose and care for the child with
concussion. The pathophysiology of concussion is increas-
ingly well understood, and the evidence basis for treatment in
both straightforward and complicated cases has grown. It is
important to understand concussion in clinically meaningful
terms, to appreciate the features of concussion pathophysiol-
ogy that inform clinical management, to have a well-thought-
out strategy for recognition and diagnosis, to be able to
describe evidence-based and expert recommendations for ini-
tial management, to understand key features of both typical
and atypical recovery, and to understand follow-up evalua-
tion, management, and indications for expert referral.
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Pathophysiology

A concussion is an acute brain injury caused by an impact to
the head or body that transmits impulsive forces to the brain,
resulting in the rapid onset of clinically apparent neurologic
impairment. The first signs and symptoms usually appear
within minutes but may present at any point within 24 h fol-
lowing impact. Concussion is strictly classified as a func-
tional injury —neurologic impairment in the absence of clear
evidence of damage to the structure of the brain. This differ-
entiates concussion from more severe forms of TBI, when
gross structural injury can be documented by imaging stud-
ies. Nevertheless, it is well recognized that concussion is the
result of structural injury and dysfunction at the cellular level.

Major advances in the understanding of the pathophysiol-
ogy of concussion over the past few decades are due in large
part to the development of animal models of TBI. The labo-
ratory construct that is most widely referenced in the litera-
ture is known as the “lateral fluid percussion” (LFP) model.
Evidence from both animal models and clinical research has
helped explain concussion as a two-step process: the initial
injury caused by the transmission of forces to the brain fol-
lowed by a recognizable pattern of injury responses. Each of
these phases contributes to the pathology observed.

When a concussive injury is applied to the brain, neurons
and surrounding support cells are affected. The oscillatory
and rotational forces involved are powerful enough to disrupt
cytoskeletal elements. Cell membranes sustain damage that
leads to altered permeability and, in some cases, cell rupture;
axons are stretched and potentially sheared; synapses are dis-
rupted. Alterations in cell membrane permeability result in a
stereotyped sequence of events. The electrochemical gradi-
ent maintained across the cell membrane is disrupted, and
potassium ions leave the cell across a leaky cell membrane
and into the extracellular space, while sodium and calcium
ions flood inward. This derangement leads to widespread,
unregulated depolarization and the pathologic release of
excitatory neurotransmitters, further altering the state of
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neurons downstream. As the injury cascade unfolds, altera-
tions in cellular pH and ion concentration can lead to delayed
swelling, apoptosis, or necrosis.

The body’s response to these derangements represents the
second phase of injury. Affected cells release cytokines that
promote inflammation, further changing the permeability of
blood vessels, increasing edema, and recruiting white blood
cells. Injured tissues also begin an intensive process of self-
repair. Cells increase production of the structural proteins
and enzymes required to rebuild the cell membrane, replace
damaged organelles, and restore the physiologic state. A key
component of this process is restoration of the neuron’s elec-
trochemical gradient, a function that requires the energy-
dependent action of a Na*/K* ATPase to pump ions across
the cell membrane. The greatly increased demand for sub-
strates and energy to carry out cellular repair makes it a met-
abolically expensive process. Healing is complicated by a
global restriction in cerebral blood flow and a simultaneous
disruption of regional blood flow by direct microvasculature
injury, reactive vasospasm, and alterations in the vascular
response to local tissue signaling. As such, the supply of fuel
and substrates to injured tissues is restricted and uncoupled
from metabolic demands. This “metabolic mismatch”—
increased metabolic demand and diminished supply—
explains many of the clinical features of concussion and
informs the approach to therapy.

Diagnosis

Concussion is suspected whenever a person has experienced
a traumatic injury and demonstrates signs or symptoms of
neurologic impairment within 24 h of impact (Table 16.1).
Patients at risk for concussion should always be evaluated
for other clinically significant injuries per standard proto-
cols. The primary survey should include an assessment of the
airway, breathing, and circulation. Addressing the integrity
of these functions takes precedence over an evaluation for
concussion. Priority should then be on evaluating the patient
for cervical spine injury and more severe forms of TBI.
Loss of consciousness occurs in approximately 10 % of
concussions. Very brief loss of consciousness (a few sec-
onds) is not believed to be a specific risk factor for more

Table 16.1 Signs and symptoms of concussion

Physical Cognitive Emotional
Headache Poor concentration Emotional
Dizziness Poor memory Irritable
Poor balance Inattention Sad

Poor coordination Slowed thinking Anxious

Sound sensitivity Easily confused

Nausea Feeling dazed
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significant injury, but loss of consciousness for more than a
minute should prompt further evaluation. Other red flags
include persistent alterations in consciousness, signs of a
basilar skull fracture, focal neurologic deficits, vomiting,
severe headache, and a severe mechanism of injury, espe-
cially an unexpected blow or a blow to the side of the head.
The patient who initially appears well but shows signs of
clinical deterioration is also at high risk. Any of these condi-
tions should prompt immediate transfer to an emergency
department by emergency medical services and evaluation
with head imaging.

The signs and symptoms of concussion are varied. The
evaluation for a suspected concussion should include a mul-
tifaceted assessment of symptoms, cognition, memory, bal-
ance, coordination, and visual tracking abilities, which can
be performed quickly and minimizes the likelihood that the
diagnosis will be missed. Amnesia can be due to a loss of
consciousness or disruption of short-term memory consoli-
dation from the trauma itself.

A brief review of past medical history is also warranted.
A history of bleeding disorders or ongoing treatment with
anticoagulant or antiplatelet therapies increases the concern
for intracranial bleeding. A history of multiple concussions,
prior TBI, a recent injury, or prolonged recovery portends a
more difficult recovery. Patients with a history of headaches,
vision problems, motion sickness, cognitive differences
(learning disabilities, dyslexia, attention-deficit disorder,
dementia), and mood disturbances (depression, anxiety,
bipolar disorder, suicidal ideation) are more likely to experi-
ence worsening or recurrence of their symptoms during the
concussion recovery process.

Physical examination should include standard assessment
of cranial nerve function, muscle strength, sensation, and
deep tendon reflexes. These can reveal gross neurologic
impairment, but focal deficits are not expected in concussion
and warrant further evaluation. Because concussion is defined
as a functional impairment, standard tests of neurologic func-
tion are generally not sufficient and must include more chal-
lenging maneuvers, specifically to look for signs of impairment
of cognitive function, balance and coordination, and vision.

Signs of cognitive impairment are sometimes quite obvi-
ous and enough to establish the diagnosis: the patient may
appear dazed, be slow to respond to questions, forget a series

Sleep Visual

Fatigue Light sensitivity
Drowsiness Eyestrain
Sleepy Blurry vision
Insomnia Poor tracking

Near objects blurry
Eye movements slow or poorly coordinated
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of instructions, or repeat statements as if saying them for the
first time. Orientation to person, place, and time should be
assessed by asking specific questions that require some
knowledge of detail. An athlete might be asked about the
name of the sporting venue, the affiliation or name of the other
team, which team scored the most recent goal, and the time of
day (within an hour). Concentration, attention, and working
memory can be evaluated by asking the patient to repeat a
series of five randomly selected words or to repeat a series of
three, then four, and then five digits in the reverse order that
they are presented. Similarly, patients may be asked to repeat
the months of the year in reverse order. Delayed recall can be
tested by asking the patient to again repeat the five randomly
selected words that were used to test working memory a few
minutes later. Healthy adolescent subjects can typically com-
plete these tasks without errors.

Paper- and computer-based neurocognitive tests are being
developed that can assist in the diagnosis and management of
concussion. These testing batteries measure performance in
several cognitive realms (visual memory, verbal memory,
reaction time). Though the range of normal performance by
healthy subjects on these tests is quite broad, healthy indi-
viduals tend to demonstrate stable performance over time.
These assays are therefore most useful if baseline testing has
been performed, so performance after concussion can be
evaluated against performance in the uninjured state rather
than against population norms. Although the majority of
concussions can be diagnosed and managed without these
tools, popular interest in neurocognitive testing has led many
schools and sports leagues to conduct universal baseline test-
ing. This information can be especially useful in cases of
complicated or prolonged concussion. Interpretation of for-
mal neurocognitive testing should generally be deferred to
clinicians who are specifically trained in that area.

An individual with concussion may be observed to stum-
ble or sway and will often report feeling dizzy. Maintaining
balance is a complex function that requires integration of
input from the vestibular, somatosensory, and visual sys-
tems. Impairment in any of these systems or the neural net-
works that connect them can result in clinically evident
balance impairment. During the physical examination, bal-
ance testing should be standardized and made progressively
more challenging to help reveal subtle deficits.

A modified version of the Balance Error Scoring System
(BESS) test is commonly used in the evaluation of concus-
sion. This clinical test involves asking an individual to main-
tain his or her balance for 20 s while standing, with the eyes
closed and the hands resting on the hips, in each of three
stances: (1) feet together, (2) on the nondominant foot only,
and (3) heel to toe with the nondominant foot in the back.
The test is scored based on the number of errors that occur in
each stance. A reasonable alternative is to observe the indi-
vidual as he or she executes a tandem (heel-to-toe) gait along
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a straight line. We ask patients to do this forward and then
make the test more challenging by asking them to do it back-
ward and finally backward with the eyes closed. A young
healthy individual can typically maintain his or her posture
and move in a nearly linear fashion under all three condi-
tions—errors are easily corrected and the individual is able
to quickly get back on track. Concussed individuals will
often stumble, sway, and overcompensate for small errors
during at least one phase of the test.

Coordination is dependent on neural pathways that are
similar to those involved in balance. Coordination can be
easily tested by asking an individual to touch his or her nose
and then to touch your finger. The test can be made more
challenging by asking them to do this rapidly or to hit a mov-
ing target. Individuals with deficits in coordination are more
likely to miss either their own noses or your finger, or they
can only complete the task if they cheat by using the broad
portion of their fingers rather than the fingertips.

Individuals with concussion have difficulty with ocular
tracking and focus, functions that rely on a surprisingly com-
plex series of interdependent neural structures, all connected
to each other by high-speed white matter tracts. A concus-
sion may disrupt any component in this network and produce
clinical findings. An example of this is axonal stretching in a
white matter tract that delays signal transmission from one
hemisphere of the brain to the other resulting in a dysconju-
gate gaze as an individual attempts to look from one side of
the room to the other.

Patients may have difficulty focusing, suffer from eye-
strain, or feel worse when they try to read or shift their gaze.
Physical examination should include testing of several eye
tracking and focusing tasks (Table 16.2): smooth pursuits,
saccades, gaze stability, and convergence. Under-recognized
in the past, an emerging body of primary research and clini-
cal experience now convincingly suggests that an assessment
of visual tracking and focusing skills can significantly
enhance the sensitivity and accuracy of the physical exam for
concussion.

Several diagnostic tools have been developed to help stan-
dardize the evaluation of concussion and make it possible for
first responders with various experience and levels of train-
ing to conduct the initial evaluation. These tools can be quite
useful for first responders who are present on the sidelines of
sporting events, where rapid and comprehensive assessment
is helpful in making decisions about whether an athlete
should be removed from play. These tools can also be very
useful for physicians looking for a template to organize their
approach to the evaluation and for those who do not regu-
larly encounter concussion. One of the most commonly used
diagnostic tools is the Standardized Concussion Assessment
Tool 3 (SCAT3), designed for evaluation of athletes aged
13 and older with suspected sport-related concussions.
The Child SCAT3 has been developed for use with children
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Table 16.2 Visual tracking tasks

Task Standard challenge

Increased challenge Abnormal performance

Smooth pursuits | ¢ Patient keeps the head still

¢ Smoothly tracks examiner’s finger
as it moves side to side

e Examinee’s finger * Cannot track fast movement
moves at higher speed, .
changes direction with

less predictability

Tracking lags or misses changes in
direction

¢ Nystagmus

* Dysconjugate gaze

Saccades Patient keeps the head still

e With both eyes, look rapidly from one
stationary point to another (both of examiner’s
thumbs held up in air) and back again

¢ Test with two objects in horizontal plane and
then in vertical plane

e Patient does 20-30 rapid |
repetitions in each .
direction

Cannot complete 20-30 repetitions

Can only complete at slow speed

* Symptoms worsen with task (classic
symptom is eye pain or pressure)

e Grossly abnormal or wandering eye
movement

Gaze stability Examiner holds up stationary object (thumb)

¢ Patient maintains gaze on object while turning
the head as if saying “no”

¢ Patient then does same task, moving as

* Patient does 20-30 rapid | e
repetitions in each .
direction

Cannot complete 20-30 repetitions

Can only complete at slow speed

¢ Symptoms worsen with task (classic
symptom is dizziness)

* Dysconjugate gaze

if saying “yes”
Near-point ¢ Patient focuses on an object as examiner moves
convergence object closer to patient’s eyes

¢ Preferred object is fine print (written on the
side of a pen or a box of medical gloves); turn
90° so print runs down the vertical line

¢ Patient reports when object becomes double

e Repeat test at the end of | ¢
physical exam, when
fatigued

Double vision when object is >6 cm
from patient’s eyes

Source: Data from Mucha A, Collins W, Elbin RJ, Furman JM, Troutman-Enseki C, DeWolf RM, Marchetti G, Kontos AP. A brief vestibular/ocular
motor screening (VOMS) assessment to evaluate concussions: preliminary findings. American Journal of Sports Medicine 42:2479-2486, 2014

under the age of 13, but is not yet validated, and many ques-
tion the accuracy of the test in younger patients. The SCAT3
is a four-page document that provides instructions for a mul-
tifaceted assessment combining several instruments inde-
pendently validated to support the diagnosis of concussion: a
symptom severity checklist, questions about orientation,
memory tasks, and a modified BESS test. The SCAT3 does
not include any testing of visual tracking skills or conver-
gence. Although the use of the SCAT3 produces a score,
there is no evidence-defined score that rules in or rules out
the diagnosis of concussion. Rather, the score can be used for
following an individual’s recovery from concussion over
time. A digital copy of the SCAT3 assessment can be down-
loaded for free from the British Journal of Sports Medicine
at http://bjsm.bmj.com/content/47/5/259.full.pdf.

There are several common challenges that can result in a
missed diagnosis or misdiagnosis. The symptoms of concus-
sion are variable and nonspecific and can overlap with the
symptoms of other common conditions. Fatigue and a dazed
appearance can be symptoms of physical exhaustion, some-
what common on the sidelines of a sporting event. Headache,
nausea, and photophobia are typical of a migraine, which can
be triggered by stress, hunger, and exhaustion, not unusual in

the context of trauma. The list goes on. We recommend
maintaining a high level of suspicion and a low threshold to
make a preliminary diagnosis of concussion, which can help
guide management during the critical stages of early recov-
ery and can be revised if a patient’s symptoms resolve after
an observation period of 24 h.

Another challenge is the fact that the first signs and symp-
toms may not manifest until hours after the injury has
occurred. This feature contributes to cases of missed diagno-
sis or detrimental actions prior to diagnosis. In the emer-
gency room, a history of trauma should prompt clinicians to
(1) consider a few hours’ period of observation to watch for
signs and symptoms of concussion in evolution and (2) pro-
vide anticipatory guidance about the features and early treat-
ment strategies of concussion prior to discharge. Clinicians
who provide coverage on the sidelines of sporting events
also need to take this into consideration. When an athlete
sustains a suspected concussive injury, he or she should be
temporarily removed from play for assessment. The simplest
cases are those in which the athlete immediately shows signs
or symptoms of concussion. The more complex case is the
athlete who appears well and feels well or the athlete who
reports only a nonspecific symptom like fatigue or nausea.
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A concussion cannot be confidently ruled out when this
occurs. These athletes should receive a brief but comprehen-
sive evaluation for signs of neurologic impairment. If the
initial evaluation is negative, we often recommend holding
the athlete at the sidelines for 5 min or so to see if symptoms
develop. Before clearing the athlete to play, most clinicians
will require him or her to perform a brief test of physical
exertion, such as wind sprints, push-ups, or jumping jacks, to
see if this causes symptoms to develop. If the athlete is
symptom-free and has a normal examination after exertion,
then he or she may be cleared for return to play. Reassessment
should occur periodically throughout the remainder of the
play period, and anticipatory guidance should be provided to
the athlete and his or her family before leaving for the day.

Physical and cognitive developmental issues affect the
assessment of both healthy and concussed subjects. Young
children may not be able to cooperate with a comprehensive
assessment and require keen observation and modified
examination maneuvers. Even in older children and adoles-
cents, the developmental landscape can complicate an exam-
iner’s interpretation of exam findings. Healthy individuals
experience improvements in reaction time and cognitive per-
formance throughout adolescence. Similarly, individuals
improve with regard to the quality and speed with which they
complete visual tracking tasks.

Patients or their parents will often ask if a change they
have observed at home could be the result of a concussion, or
they might ask what to expect after a concussion. We find it
helpful to rely on the concept that concussed individuals tend
to struggle most with the cognitive tasks that they have just
mastered, or are working to master, at their developmental
stage. While a healthy 6-year-old might be in the process of
developing the capacity for sustained attention in school, fine
motor coordination, working memory, and emotional regula-
tion, a 6-year-old with a concussion might have inattention,
hyperactivity, sloppy handwriting, and irritability. His par-
ents might say, “He is acting like a 4-year-old again!” At the
same time, a healthy teenager is developing the capacity for
abstract reasoning and mastering skills that integrate com-
plex motor functions with spatial awareness, while one
recovering from a concussion may report that she can read a
familiar book without any trouble but develops a pounding
headache when she tries to finish her calculus homework or
she feels fine walking to school but experiences nausea when
she attempts to drive a car. This heuristic helps to make edu-
cated predictions about how a concussion could manifest and
when reviewing a child’s symptoms with his or her family.
For cases in which the diagnosis of concussion is suspected
but complicated by developmental considerations, we rec-
ommend making the diagnosis in a preliminary fashion so
that treatment can be initiated and then seeking consultation
with a pediatric concussion specialist for further evaluation.
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Initial Management

The principles of initial management are built upon the con-
cept that concussion is a problem of injury on the cellular
level that is then complicated by a period of metabolic mis-
match. Recognizing that the injured brain is at increased risk
of energy failure, the treatment of concussion can take one of
two theoretical approaches: increase the supply of metabolic
substrates (glucose, amino acids) to injured cells, which is
not possible yet, or decrease the energy demands of the brain,
which can be achieved safely and with available strategies.

Physical and cognitive rest should be prescribed as soon
as possible. Rest limits the possibility that vulnerable cells
will undergo further stress, progressive injury, or death. Rest
also allows the brain to dedicate available substrates to the
healing process rather than to other functions.

In cases of sport-related concussion, the first step is to
remove the athlete from play. An athlete suspected of having
a concussion should not be permitted to return to competi-
tion or practice on the day of injury. This is important as a
therapeutic step and to limit the possibility of a second
trauma to the injured brain. They should be instructed to go
to safe location where physical demands can be minimized.
Strict bed rest is probably not necessary but patients should
be instructed to focus on conserving energy. This includes
not just walking or exercise but also tasks that require signifi-
cant amounts of eye tracking, reading, screen-based forms of
entertainment, and driving a car. Many patients will experi-
ence an increased need for sleep. This should be permitted,
as it promotes physical rest and may represent an adaptive
response of the brain to alterations in energy balance. In the
individual who has a hard time falling asleep, we routinely
use a small dose of melatonin. In the absence of signs of a
more severe TBI or intracranial bleeding, it is no longer rec-
ommended that caregivers prevent a patient from falling
asleep or wake a patient every 1-2 h to monitor for signs of
clinical deterioration. Such efforts are of dubious utility and
may actually be harmful to the injured brain.

Given that the signs and symptoms of concussion are
believed to reflect the structural and metabolic state of the
injured regions of the brain, symptom severity is probably a
helpful guide to what level of activity is acceptable in the
days following an injury. Some patients will feel highly
symptomatic even at rest. These patients should not increase
their degree of activity. The asymptomatic or minimally
symptomatic patient should be encouraged to pursue activi-
ties of daily living and low-exertion tasks as long as they do
not result in an increase in symptoms.

Immediately following a concussion, patients should also
be counseled to minimize cognitive exertion. They should not
be permitted to return to school or work for at least 24 h and
should be reminded that cognitive exertion includes tasks that
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require prolonged concentration, sustained attention, problem
solving, or emotional stimulation. This might include watch-
ing television, reading, and social interactions, depending on
the content. Total avoidance may not be necessary but they
should certainly avoid activities that make symptoms worse.

We generally recommend against the use of over-the-
counter analgesics. Nonsteroidal anti-inflammatory drugs
(NSAIDs) and acetaminophen are not particularly helpful in
treating concussion-related headaches. NSAIDs might
increase the risk of bleeding in patients with TBI, and the
effect of their anti-inflammatory effects on healing after con-
cussion has not been clarified. There is some concern that
analgesics could mask symptoms and cause patients to exert
themselves. Although in most cases the risks seem to out-
weigh the benefits, patents with a history of migraine head-
ache might be an exception. This is because headaches are
more likely to occur in the period following a concussion and
most patients can differentiate a typical migraine headache
from a concussion-associated headache.

Recovery

Recovery from concussion is spontaneous and occurs in a
graduated and predictable fashion. It is believed that the res-
olution of clinical signs reflects healing on the cellular level
and restoration of physiologic cerebral blood flow. Patients
with a recent injury will typically experience symptoms at
rest. As they recover, symptoms are less common at rest but
may be worse after physical or cognitive exertion. Eventually
patients will find that they can tolerate increasing degrees of
exertion without exacerbating their symptoms. Patients are
considered fully recovered when none of the signs or symp-
toms of concussion can be provoked with full cognitive and
physical exertion.

The timing of recovery varies and is influenced by age, a
history of prior concussions, and the presence of comorbid
conditions. Adults are thought to heal more quickly from
concussion than adolescents and children, perhaps due to
anatomical and physiologic differences such as the degree of
myelination and synapse density. Adults typically return to
baseline neurocognitive performance a median of 3-5 days
following injury, while college athletes need 57 days and
high school athletes take 10-14 days. Formal studies in
younger age groups are lacking, but it is believed that the
healing process is further prolonged. Clinically, the resolu-
tion of symptoms and physical examination findings tends to
follow similar trends. Although most patients experience
steady improvement, recovery does not always progress in a
linear fashion. A few will experience prolonged recovery,
during which improvement seems to slow down or plateau.
Recognizing these aspects of the healing process, we often
employ this summary statement when working with adoles-
cents: “Ninety percent of patients in your age group will
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experience full recovery by the time 4 weeks have passed.
About 10 % will have prolonged symptoms, and will take
months to fully recover.” Fortunately, complete recovery is
realistic even for those with prolonged symptoms.

A history of previous concussions, particularly those
characterized by prolonged recovery, increases the risk of
delayed healing or persistent impairment. There is intense
interest in defining how many concussions are “too many.”
This remains an area of debate, without clear evidence to
suggest an absolute number. At this time, emphasis for most
clinicians should be placed on understanding and communi-
cating the trend.

Comorbid conditions also influence recovery. Not only
can depression, attention-deficit disorder, migraine head-
aches, or problems with the visual and vestibular systems
alter the pattern, severity, and duration of concussive symp-
toms, but patients often experience an exacerbation or recur-
rence of these conditions following a concussion, perhaps
because the metabolic derangements of the concussed brain
make it more difficult to functionally compensate for these
underlying conditions. It is important to screen for preexist-
ing or comorbid conditions and to help patients anticipate the
possibility of their recurrence or worsening at some point
during recovery.

Follow-Up

Concussion is often diagnosed in a chaotic setting—at the
scene of an accident, in the emergency room, during a trauma
evaluation, and on the sidelines of a sporting event. It is not
unusual for the diagnosis to seem preliminary or uncertain to
the health-care provider and to the patient. The emphasis in
the acute setting is to identify high-risk patients who require
further evaluation (cervical spine injury or more severe TBI)
and to provide instructions for initial management.

The first follow-up evaluation should be arranged within
days of a concussive injury with the goals of establishing the
diagnosis, gathering additional details of the past medical
history and the injury history, documenting signs and symp-
toms that have evolved since the injury, and providing further
guidance. Periodic subsequent evaluations should be sched-
uled until full recovery has occurred. Serial interviews and
physical exams are required to track symptom resolution.
The same exam techniques and diagnostic tools described in
the diagnosis section can be used to follow recovery.

Early in the recovery period, recommendations for man-
agement should continue to emphasize both physical and
cognitive rest. As the recovery process moves forward,
patients can be instructed on the gradual reintroduction of
activity, using symptoms as a guide. In straightforward cases,
we should anticipate spontaneous improvement in symptoms
and full recovery, with return to full cognitive and physical
function, within 2—4 weeks.



16 Concussion

In the past, discussions about sport-related concussions
focused on an athlete’s return to play. As our understanding
of concussion has evolved, equal if not greater emphasis has
been placed on an individual’s return to full cognitive func-
tion. Current recommendations stress a “return-to-learn”
plan before considering “return to play.”

There is no widely accepted protocol to ensure a return to
full cognitive function. In fact, the science behind cognitive
rest is still being debated —too much cognitive activity early
in the concussion is probably detrimental, but too little could
be counterproductive. A stepwise plan should be tailored to
the individual’s needs and pattern of recovery (Table 16.3).
The cognitive rest stage is meant to last a few days after the
injury, after which there should be a gradual transition back
to school, starting with light reading or easy academic work
at home. If symptoms do not worsen, they can gradually
increase the time and complexity of the cognitive work, for
20-30 min at a time and frequent breaks. Worsening symp-
toms should be taken as a sign that the brain is still under
metabolic stress. Cognitive exertion can be increased at
home day by day, according to symptoms (stage 3).

When an individual is able to complete 30—45 min of cog-
nitive work at home, he or she may be considered ready to
return to school or work. We usually suggest starting with
half days at first. Arrangements should be made for an exit
strategy (a ride home, longer breaks) if symptoms develop
while in class or at work.

Academic planning is required to make sure the transition
goes smoothly. When a student returns from an absence, the
default mode in many academic institutions is to simply dou-
ble the workload, to make up missed material while learning
new material. This is often counter-therapeutic and can result
in academic catastrophe. The patient, parents, teachers, and
administration should all agree on an academic plan that
allows the patient to gradually increase cognitive effort.
Helpful guidelines include (1) working on learning missed
material or new material but not both, (2) dropping nones-
sential assignments, (3) reducing workload when possible,
and (4) no tests or quizzes during the first week. Finally,

Table 16.3 Graduated return-to-learn protocol®

Rehabilitation stage Activity level

1 Cognitive rest ¢ Sleep, sedentary activities
2 | Light cognitive exertion |* Reading, simple homework
3 | School or work-specific |

activity .

4 School or work with D
reduced workload o

Half or full days of school

¢ No testing
5 | Full cognitive exertion o
¢ Full class and homework load
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following the progressive framework of a return-to-learn
plan, patients should focus on being able to complete a full
day of school or work without symptoms before adding
extracurricular activities or additional responsibilities.

Individuals with prolonged recoveries or persistent symp-
toms may require additional accommodations. This form of
advanced management should be deferred to clinicians with
expertise in the management of concussion.

Some states and local governing bodies have mandated
that student athletes be cleared, in writing, by a licensed
health-care professional to return to sports following a con-
cussion. These mandates have heightened awareness about
the importance of return-to-play guidelines in households,
on sports fields, and in the medical office. Expert consensus
has defined return-to-play guidelines that should be
considered the standard of care. The process should occur in
a stepwise progression (Table 16.4). At minimum the child
should be without symptoms at rest, though it is prudent to
del