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For Cathy, Ryan, Katie, Maggie, and Molly

“You don’t choose your family. They are God’s gift to you...”
Desmond Tutu






The practitioner of Pediatric Critical Care Medicine should be facile with a broad scope of
knowledge from human developmental biology, to pathophysiologic dysfunction of virtually
every organ system, and to complex organizational management. The practitioner should
select, synthesize and apply the information in a discriminative manner. And finally and most
importantly, the practitioner should constantly “listen” to the patient and the responses to inter-
ventions in order to understand the basis for the disturbances that create life-threatening or
severely debilitating conditions.

Whether learning the specialty as a trainee or growing as a practitioner, the pediatric inten-
sivist must adopt the mantle of a perpetual student. Every professional colleague, specialist
and generalist alike, provides new knowledge or fresh insight on familiar subjects. Every
patient presents a new combination of challenges and a new volley of important questions to
the receptive and inquiring mind.

A textbook of pediatric critical care fills special niches for the discipline and the student of
the discipline. As an historical document, this compilation records the progress of the spe-
cialty. Future versions will undoubtedly show advances in the basic biology that are most
important to bedside care. However, the prevalence and manifestation of disease invariably
will shift, driven by epidemiologic forces, and genetic factors, improvements in care and,
hopefully, by successful prevention of disease. Whether the specialty will remain as broadly
comprehensive as is currently practiced is not clear, or whether sub-specialties such as cardiac-
and neurointensive care will warrant separate study and practice remains to be determined.

As a repository of and reference for current knowledge, textbooks face increasing and
imposing limitations compared with the dynamic and virtually limitless information gateway
available through the internet. Nonetheless, a central standard serves as a defining anchor from
which students and their teachers can begin with a common understanding and vocabulary and
thereby support their mutual professional advancement. Moreover, it permits perspective,
punctuation and guidance to be superimposed by a thoughtful expert who is familiar with the
expanding mass of medical information.

Pediatric intensivists owe Drs. Wheeler, Wong, and Shanley a great debt for their work in
authoring and editing this volume. Their effort was enormously ambitious, but matched to the
discipline itself in depth, breadth, and vigor. The scientific basis of critical care is integrally
woven with the details of bedside management throughout the work, providing both a satisfy-
ing rationale for current practice, as well as a clearer picture of where we can improve. The
coverage of specialized areas such as intensive care of trauma victims and patients following
congenital heart surgery make this a uniquely comprehensive text. The editors have assembled
an outstanding collection of expert authors for this work. The large number of international
contributors is striking, but speaks to the rapid growth of this specialty throughout the world.

We hope that this volume will achieve a wide readership, thereby enhancing the exchange
of current scientific and managerial knowledge for the care of critically ill children, and stimu-
lating the student to seek answers to fill our obvious gaps in understanding.

Chicago, IL, USA Thomas P. Green
New Haven, CT, USA George Lister
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The specialty of pediatric critical care medicine continues to grow and evolve! The modern
PICU of today is vastly different, even compared to as recently as 5 years ago. Technological
innovations in the way we approach the diagnosis and treatment of critically ill children have
seemingly changed overnight in some cases. Vast improvements in anesthesia and surgical
techniques have resulted in better outcomes and shorter lengths of stay in the PICU. The out-
comes of conditions that were, even less than a decade ago, almost uniformly fatal have greatly
improved. Advances in molecular biology have led to the era of personalized medicine — we
can now individualize our treatment approach to the unique and specific needs of a patient. We
now routinely rely on a vast array of condition-specific biomarkers to initiate and titrate ther-
apy. Some of these advances in molecular biology have uncovered new diseases and conditions
altogether! At the same time, pediatric critical care medicine has become more global. We are
sharing our knowledge with the world community. Through our collective efforts, we are
advancing the care of our patients. Pediatric critical care medicine will continue to grow and
evolve — more technological advancements and scientific achievements will surely come in the
future. We will become even more global in scope. However, the human element of what pedi-
atric critical care providers do will never change. “For all of the science inherent in the spe-
cialty of pediatric critical care medicine, there is still art in providing comfort and solace to our
patients and their families. No technology will ever replace the compassion in the touch of a
hand or the soothing words of a calm and gentle voice” [1]. I remain humbled by the gifts that
I have received in my life. And I still remember the promise I made to myself so many years
ago — the promise that I would dedicate the rest of my professional career to advancing the field
of pediatric critical care medicine as payment for these gifts. It is my sincere hope that the
second edition of this textbook will educate a whole new generation of critical care profession-
als, and in so-doing help me continue my promise.

Cincinnati, OH, USA Derek S. Wheeler, MD, MMM

Reference

1. Wheeler DS. Care of the critically ill pediatric patient. Pediatr Clin North Am 2013;60:xv—xvi. Copied with
permission by Elsevier, Inc.






Preface to the First Edition

Promises to Keep

The field of critical care medicine is growing at a tremendous pace, and tremendous advances
in the understanding of critical illness have been realized in the last decade. My family has
directly benefited from some of the technological and scientific advances made in the care of
critically ill children. My son Ryan was born during my third year of medical school. By some
peculiar happenstance, [ was nearing completion of a 4-week rotation in the Newborn Intensive
Care Unit. The head of the Pediatrics clerkship was kind enough to let me have a few days off
around the time of the delivery — my wife Cathy was 2 weeks past her due date and had been
scheduled for elective induction. Ryan was delivered through thick meconium-stained amni-
otic fluid and developed breathing difficulty shortly after delivery. His breathing worsened
over the next few hours, so he was placed on the ventilator. I will never forget the feelings of
utter helplessness my wife and I felt as the NICU Transport Team wheeled Ryan away in the
transport isolette. The transport physician, one of my supervising third year pediatrics resi-
dents during my rotation the past month, told me that Ryan was more than likely going to
require ECMO. I knew enough about ECMO at that time to know that I should be scared! The
next 4 days were some of the most difficult moments I have ever experienced as a parent,
watching the blood being pumped out of my tiny son’s body through the membrane oxygen-

Fig. 1
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Fig. 2

ator and roller pump, slowly back into his body (Figs. 1 and 2). I remember the fear of each
day when we would be told of the results of his daily head ultrasound, looking for evidence of
intracranial hemorrhage, and then the relief when we were told that there was no bleeding. I
remember the hope and excitement on the day Ryan came off ECMO, as well as the concern
when he had to be sent home on supplemental oxygen. Today, Ryan is happy, healthy, and
strong. We are thankful to all the doctors, nurses, respiratory therapists, and ECMO specialists
who cared for Ryan and made him well. We still keep in touch with many of them. Without the
technological advances and medical breakthroughs made in the fields of neonatal intensive
care and pediatric critical care medicine, things very well could have been much different. I
made a promise to myself long ago that I would dedicate the rest of my professional career to
advancing the field of pediatric critical care medicine as payment for the gifts that we, my wife
and I, have been truly blessed. It is my sincere hope that this textbook, which has truly been a
labor of joy, will educate a whole new generation of critical care professionals, and in so-doing
help make that first step towards keeping my promise.



With any such undertaking, there are people along the way who, save for their dedication,
inspiration, and assistance, a project such as this would never be completed. I am personally
indebted to Michael D. Sova, our Developmental Editor, who has been a true blessing. He has
kept this project going the entire way and has been an incredible help to me personally through-
out the completion of this textbook. There were days when I thought that we would never fin-
ish — and he was always there to lift my spirits and keep me focused on the task at hand. I will
be forever grateful to him. I am also grateful for the continued assistance of Grant Weston at
Springer. Grant has been with me since the very beginning of the first edition of this textbook.
He has been a tremendous advocate for our specialty, as well as a great mentor and friend. I
would be remiss if I did not thank Brenda Robb for her clerical and administrative assistance
during the completion of this project. Juggling my schedule and keeping me on time during
this whole process was not easy! I have been extremely fortunate throughout my career to have
had incredible mentors, including Jim Lemons, Brad Poss, Hector Wong, and Tom Shanley.
All four are gifted and dedicated clinicians and remain passionate advocates for critically ill
children, the specialties of neonatology and pediatric critical care medicine, and me! I want to
personally thank both Hector and Tom for serving again as Associate Editors for the second
edition of this textbook. Their guidance and advice has been immeasurable. I have been truly
fortunate to work with an outstanding group of contributors. All of them are my colleagues and
many have been my friends for several years. It goes without saying that writing textbook
chapters is a difficult and arduous task that often comes without a lot of benefits. Their exper-
tise and dedication to our specialty and to the care of critically ill children have made this
project possible. The textbook you now hold in your hands is truly their gift to the future of our
specialty. I would also like to acknowledge the spouses and families of our contributors — par-
ticipating in a project such as this takes a lot of time and energy (most of which occurs outside
of the hospital!). Last, but certainly not least, I would like to especially thank my family — my
wife Cathy, who has been my best friend and companion, number one advocate, and sounding
board for the last 22 years, as well as my four children — Ryan, Katie, Maggie, and Molly, to
whom I dedicate this textbook and all that I do.
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Nancy S. Hagerman and Anna M. Varughese

Abstract

The identification and assessment of perioperative risk factors in the critically ill child
requiring surgery is important, because targeting these risk factors allows the creation of
care plans that can significantly improve outcomes. This chapter provides an overview of
the preoperative assessment and preparation of these patients for surgery. It reviews fasting
guidelines, provides a systems-approach to the preoperative assessment, administration of
preoperative medications, and determination of which preoperative laboratory or radiologi-
cal data to attain. Appropriate access and monitoring, risk involved in the transportation
process, reducing surgical site infections in the pediatric patient, and the importance of
effective multidisciplinary communication and communication with patients and their fam-

ilies is also addressed.

Keywords

Preoperative assessment ¢ ICU e Critical care ¢ Pediatric anesthesia ¢ Preoperative

evaluation

Introduction

Although the incidence of intraoperative death associated with
anesthesia has declined dramatically over the past several
decades, perioperative morbidity and mortality in critically ill
patients continues to be high, particularly in those patients
who exhibit known risk factors. An individual patient’s peri-
operative risk includes both surgical as well as anesthetic risks
associated with their underlying disease state. Established risk
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factors in the pediatric population include a higher ASA phys-
ical status (a classification system used to describe a patient’s
physical state ranging from 1 to 6) (Table 1.1), age (especially
those patients under 1 year), emergency surgery, existence of
an underlying disease and type of disease, and location of the
intervention (operating room vs. non-operating room) [1].
Due to the continual evolution of the practice of medicine, a
comprehensive and accurate assessment of a patient’s periop-
erative risk can be difficult. However, it is important to target
those factors that can be identified for intervention, because in
so doing, the associated risk can be decreased [2]. This chapter
will focus on those factors for which intervention can be per-
formed to optimize outcomes in the critically ill child prepar-
ing for surgery.

Fasting Guidelines
In 2011, the American Society of Anesthesiologists updated

their guidelines for preoperative fasting to reduce the risk of
pulmonary aspiration in patients presenting for surgery [3].


mailto:nancy.hagerman@cchmc.org
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Table 1.1 ASA physical status classification system

ASA1
ASA?2
ASA 3
ASA 4

A normal, healthy patient

A patient with mild systemic disease

A patient with severe systemic disease

A patient with severe systemic disease that is a constant
threat to life

A moribund patient who is not expected to survive without
the operation

ASA 'S5

ASA 6 A declared brain-dead patient whose organs are being

removed for donor purposes

For elective surgery, the guidelines include a fasting interval
of two of more hours after the consumption of clear liquids,
four or more hours after breast milk in both neonates and
infants, six or more hours after the intake of infant formula,
and six or more hours after a light meal or non-human milk.
These guidelines, however, are intended only for healthy
patients undergoing elective procedures. The guidelines do
not extend to critically ill patients with co-existing diseases
or conditions that may affect gastric emptying or gastric fluid
volume such as pregnancy, obesity, diabetes mellitus, hiatal
hernia, gastroesophageal reflux disease, or bowel obstruc-
tion. Additionally, the guidelines are not considered appro-
priate for patients in whom difficult airway management
may be anticipated [3]. The determination of what consti-
tutes a safe preoperative fasting duration is difficult as the
incidence of pulmonary aspiration is very low, estimated
between 1 in 10,000 and 10 in 10,000 [4]. In a large prospec-
tive study, Warner et al. found that there was a greater fre-
quency of aspiration in emergency procedures versus elective
procedures, and that the majority of infants and children less
than 3 years of age who aspirated had associated ileus or
bowel obstruction [5]. They also found that most children
who have mild or moderate aspiration events have no signifi-
cant medical sequelae. The ASA guidelines do not provide
any recommendations regarding patients who are fed enter-
ally. It is the practice of the authors to apply the above guide-
lines for clear liquids and or formula to gastric tube feeds.
Jejunal feeds, however, are beyond the pylorus and should
thus provide a level of protection against the risk of pulmo-
nary aspiration. Thus, one could reasonably argue that the
guidelines do not apply to this patient population.

The impact of medications and their interactions on a
patient’s medical and/or surgical risk should also be consid-
ered when determining which medications should be given or
held during the preoperative period. For example, antiplate-
let agents and anticoagulants are likely to be contraindicated
in the perioperative setting unless the benefits of continuing
these medications outweigh the risk of increased surgical
blood loss. However, a patient’s chronic medications should
be continued and can include antiarrhythmic, antihyperten-
sive, asthma, diabetes, immunosuppressive, antiseizure, and
psychiatric medications. Specific considerations as to which

N.S. Hagerman and A.M. Varughese

drugs to continue perioperatively are dependent upon surgi-
cal, patient, and pharmacologic factors [6].

The preoperative history should also include an under-
standing of the patient’s home medication regimen, particu-
larly if the patient had been hospitalized in the recent past. It
has been estimated that approximately 16 % of the pediatric
population receives or has received herbal medications [7].
It is also concerning that a large proportion of the patient
population does not disclose the use of these remedies to
their healthcare provider. Many herbal supplements have the
potential to react adversely with anesthetic agents. Some are
known to have effects on platelet aggregation and/or the clot-
ting cascade, while others may cause immunosuppression or
potentiate central nervous system depression perioperatively.
Other herbal supplements can significantly affect hemody-
namics intraoperatively [7]. For example, gingko biloba,
garlic, ginger, fish oil, and flax seed oil decrease platelet
aggregation, chamomile inhibits clotting, vitamin E affects
coagulation, and prolonged use of echinacea can cause
immunosuppression increasing a patient’s risk of wound
infection [7, 8]. In the critically ill child requiring urgent or
emergent surgery, knowledge of the use of herbal supple-
ments should be communicated with the operative team to
add to the understanding of a patient’s pathophysiology in
the event an adverse outcome were to occur intraoperatively.

Systems-Based Approach to Preoperative
Assessment

Careful preoperative assessment is necessary to tailor patient
management to their specific needs. A systems-based
approach to the preoperative assessment is a useful way to
assess and prepare the patient for surgery.

Respiratory

The majority of adverse events that transpire intraoperatively
in the pediatric population occur secondary to a respiratory
etiology [1]. Age is an independent risk factor for respiratory
events. This is thought to be due to the highly compliant
chest wall of the infant which can lead to an increased ten-
dency of airway collapse. Infants also exhibit a high vagal
tone that can lead to apnea or laryngospasm following vagal
stimulation due to increased secretions, tracheal intubation,
or airway suctioning [1]. Other known risk factors for respi-
ratory events include a history of bronchopulmonary dyspla-
sia (BPD), asthma, bronchial reactivity, recent upper
respiratory tract infection, exposure to passive smoking, and
history of prematurity.

Bronchopulmonary dysplasia places children at risk for
exaggerated pulmonary vasoconstriction and subsequent
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V/Q mismatch which can lead to profound hypoxemia, par-
ticularly during the first year of life. Stimuli specific to the
perioperative period, namely hypothermia, pain, and acido-
sis, can trigger pulmonary vasoconstriction and thus increase
V/Q abnormalities in a child who already has a limited
reserve [9]. Severe BPD can also lead to right ventricular
function impairment that can be worsened by anesthesia. If
cardiac dysfunction is suspected, an echocardiogram should
be performed preoperatively [1]. Measures that can be taken
to optimize children with BPD preoperatively include the
use of corticosteroids, bronchodilators, antibiotics, and
diuretics, as indicated [9].

Asthma also places children at risk perioperatively.
Bronchial hyperreactivity can persist for several weeks fol-
lowing an acute asthmatic episode, often for several weeks
after the inciting event when clinical symptoms are no longer
present [1]. Commonly performed procedures in the ICU as
well as during anesthesia can serve as intense stimuli that can
provoke bronchospasm. These procedures include laryngos-
copy, intubation, and suctioning of the airway [I1].
Intraoperative bronchospasm can be disastrous as it can
make ventilation difficult, if not impossible resulting in
hypercarbia, acidosis, hypoxia, cardiovascular collapse, and
even death [9]. These patients should be maximally opti-
mized prior to entering the operating room when possible. In
general, asthma medical therapy should be escalated prior to
surgery even in well-controlled asthmatics. Increased use of
inhalers, nebulizers, and steroids (inhaled and oral) has been
advocated in this patient population [9]. A “steroid burst” of
methylprednisolone 1 mg/kg [1] or prednisone 1 mg/kg/day
[9] for 3-5 days should be administered for the child with
severe reactive airways or asthma prior to their procedure.

Children who were intubated and ventilated as neonates
are at increased risk for subglottic stenosis [9]. A history of
croup or stridor can sometimes herald a diagnosis of subglot-
tic stenosis. When preparing for intubation in these patients,
one should have endotracheal tubes 0.5-1 mm smaller inter-
nal diameter available. Infants with a history of prematurity
(<37 weeks gestation) are also at increased risk of post-
operative apnea (>15 s) and periodic breathing for up to 24 h
postoperatively [9]. Although all individuals experience
respiratory depression in response to sedation and anesthe-
sia, former premature infants are at increased risk given the
immaturity of their peripheral and central chemoreceptors
and their response to hypoxia and hypercarbia [9]. Former
premature infants with anemia (hematocrit < 30) are at par-
ticular risk of postoperative apnea. This risk can be decreased
by delaying surgery, if possible until 48—-60 weeks post-
gestational age. If surgery must be performed, the periopera-
tive administration of caffeine (10 mg/kg caffeine base IV or
20 mg/kg caffeine citrate or benzoate) has been shown to be
effective in dramatically reducing post-operative apnea in
this patient population.

Cardiovascular

When preparing a child for surgery, cardiovascular consider-
ations include the presence of a murmur, congenital heart
disease, pulmonary hypertension, the potential need for SBE
prophylaxis, and awareness of conduction abnormalities.
Although innocent murmurs are common in the pediatric
population, it is important to be aware of any structural
abnormalities prior to entering the operating room. If there is
any concern regarding a murmur such as a co-existing his-
tory of cyanotic episodes, poor exercise tolerance, or failure
to thrive — an echocardiogram and evaluation by a pediatric
cardiologist should be obtained prior to surgery. Given that
most anesthetics and sedatives cause cardiac depression,
knowledge of a patient’s baseline cardiac function prior to
entering the operating room is invaluable.

Most anesthetic agents decrease vascular tone and subse-
quently decrease systemic and pulmonary vascular resis-
tance [9]. This can, in turn, significantly affect the
hemodynamic equilibrium in a patient with an intra-cardiac
shunt. For example, a patient with a ventricular septal defect
(left-to-right shunt) could experience pulmonary over-
circulation and failure. Alternatively, in the setting of
hypoxia, hypercarbia, or acidosis, this same patient could
experience this shunt shifting to a right-to-left shunt due to
an increase in pulmonary vascular resistance [9]. Patients
with intra-cardiac shunts are also at elevated risk for para-
doxical embolism of air and/or thrombus [1, 9]. Awareness
of the presence and severity of pulmonary hypertension prior
to the anesthetic is critical. Children with pulmonary hyper-
tension are at particular risk for adverse events in the operat-
ing room. This is due to the fact that patients in the operating
room are more likely to experience episodes of hypoxia,
hypercarbia, and acidosis during their anesthetic and surgical
management which can act as powerful vasoconstrictors and
potentially lead to a pulmonary hypertensive crisis [1].

The American Heart Association updated their guidelines
in 2007 regarding the prevention of infective endocarditis.
These guidelines have significantly reduced the frequency
with which we administer perioperative antibiotics solely to
decrease the risk of infective endocarditis [10]. In the event
that it is necessary to administer antibiotics perioperatively
to prevent infective endocarditis, effective communication
between the critical care and the operating room teams is
important to ensure compliance with the guidelines.

Finally, it is important for the anesthesia team to be aware
of any conduction abnormalities a patient may have. The
presence of a prolonged QT interval should be noted as inha-
lational anesthesia can act synergistically with other medica-
tions and potentially result in torsades de pointes [1]. It is
also critical that the anesthesiologist is aware of the presence
of a pacemaker or AICD as they can fail in the operating
room — especially with the use of electrical cautery. A plan



for the management of this event should be in place prior to
entering the operating room.

Endocrine

Major endocrine concerns that have an impact in the operat-
ing room include the management of patients on chronic ste-
roid therapy and perioperative diabetes management. Patients
on chronic steroid therapy and those with congenital adrenal
insufficiency may be incapable of mounting a stress response
when faced with stress, trauma, surgery, or illness. These
children are commonly treated with corticosteroids periop-
eratively to prevent an Addisonian crisis [9]. There is no evi-
dence to support this practice in the pediatric population [9],
however, and a recent meta-analysis in the adult population
without critical illness did not reveal adequate evidence for
this practice as well [11]. One should consider the use of
supplemental corticosteroids in the at-risk critically-ill popu-
lation as these are the very patients who may experience
hemodynamic instability when faced with the added stress of
surgery. It has been recommended to administer the patient’s
daily dose of steroids on the day of surgery and give an addi-
tional “stress dose” to cover their needs but not increase the
risk of negative side effects such as poor wound healing,
inadequate glucose control, fluid retention, immunosuppres-
sion, and electrolyte imbalance [7]. von Ungern-Sternberg
et al. have recommended a dose of 100 mg/m? on the day of
surgery followed by 25 mg/m? every 6 h on the day of sur-
gery, every 8 h on post-operative day #1, and every 12 h on
post-operative day #2 [7]. The patient should be returned to
their usual treatment dose on the third post-operative day.

Trauma, the stress of critical illness, and surgery can alter
glucose homeostasis in a diabetic patient. The stress response
can result in the secretion of catecholamines, cortisol, gluca-
gon, and growth hormone which work to increase blood glu-
cose by stimulating glycogenolysis and gluconeogenesis in
the liver, promoting ketogenesis and lipolysis, and inhibit the
uptake of glucose in muscle and fat. These patients are shifted
into a catabolic state which can lead to significant hyperglyce-
mia and potentially diabetic ketoacidosis [12]. The periopera-
tive diabetic management plan should be made in concert with
the pediatric intensivist and/or endocrinologist. These children
should be evaluated clinically as well as biochemically. Often
the issue leading to critical illness and surgery can cause meta-
bolic decompensation, and if time allows, these patients
should be corrected prior to going to the operating room [12].
However, if time does not permit preoperative correction, an
insulin infusion and the rehydration process should be started
promptly as these patients are often dehydrated. Type II dia-
betics on metformin should have it discontinued 24 h prior to
surgery due to the risk of lactic acidosis [12].
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Hematologic

Children with sickle-cell anemia are at increased risk for
adverse events perioperatively. Sickling occurs in conditions
of hypoxia, hypercarbia, acidosis, hypothermia, hypovole-
mia, and hypoperfusion states — all of which can occur in the
operating room [1, 9]. To minimize these risks, these chil-
dren who have significant anemia should undergo simple
blood transfusion preoperatively. In the event these children
will undergo complex or prolonged surgery, exchange trans-
fusions should be considered as well. Generally, these chil-
dren should have a hematocrit > 30 % and a HbS < 30 %
prior to entering the operating room [1, 9]. They should also
be adequately hydrated and active measures should be taken
to warm them preoperatively. These preoperative measures
will help circumvent postoperative morbidity.

Neurologic

Children with progressive peripheral neuromuscular disease
are at increased risk perioperatively largely due to the con-
cern of increased postoperative muscle weakness, especially
as it relates to the child’s baseline respiratory function.
Careful discussion with the patient’s family should occur
prior to intubation (whether it occurs in the operating room
or ICU) regarding the extubation plan, and the risk of that
child remaining intubated/tracheostomy-dependent for a
prolonged period of time. These children are also at increased
risk of aspiration, and cardiac depression [1]. Their cardiore-
spiratory baseline with a recent echocardiogram and evalua-
tion by a pediatric cardiologist should be established prior to
exposing them to the cardiac depressant effects of anesthe-
sia. When exposed to succinylcholine, a depolarizing muscle
relaxant commonly administered in the operating room,
these children are also at risk for life-threatening hyperkale-
mia and rhabdomyolysis.

Patients with a diagnosis of central core and multimini-
core myopathies, Brody myopathy, and King-Denborough
syndrome have an increased susceptibility of experiencing
malignant hyperthermia (MH) if exposed to a triggering
anesthetic (inhalational anesthesia and succinylcholine) as
there appears to be a genetic link between these syndromes
and MH [13]. The evidence linking MH susceptibility and
other myotonias is varied depending on the molecular basis
of the pathophysiology. There does not appear to be a rela-
tionship between mitochondrial myopathies and MH.
Regardless, if there is a concern or a suspicion regarding a
patient’s susceptibility for MH secondary to a genetic syn-
drome or family history, it is imperative that this concern is
communicated with the child’s anesthesiologist to aid in the
creation of a safe anesthetic plan for that patient.



1 Preparing the Critically Ill or Injured Child for Surgery

Children with intracranial hypertension (secondary to
hydrocephalus, a malfunctioning ventriculoperitoneal shunt,
or brain tumor, for example) need to be identified prior to
surgery as anesthetic agents have vasodilating properties and
can acutely worsen their situation [1, 9]. Children on anti-
convulsant therapy should ideally be optimized prior to the
operating room. One should consider obtaining drug serum
levels of these medications. As these agents typically have
long half-lives, missing one dose is usually not problematic,
however [9]. Depending upon the patient’s condition, one
may need to administer these medications intravenously.

Preoperative Testing

Although previously common practice, routine preoperative
laboratory testing in the healthy child is no longer recom-
mended. In the critically ill child, appropriate preoperative
laboratory testing, evaluations, and consultations should be
performed based on the patient’s co-existing conditions and
surgical procedure [7]. Any preoperative testing, and addi-
tional consultations should only be performed if anticipated
benefits are believed to outweigh any risks involved [14]. For
example, preoperative hemoglobin should be measured in
infants, in children with a history of clinically significant
anemia, in children whose disease process is associated with
blood loss or a poor tolerance to anemia, and in those patients
who are preparing to undergo a surgical procedure with a
high risk of blood loss. Similarly, preoperative coagulation
testing is useful in patients with a medical history consistent
with a bleeding disorder, or in patients who are scheduled to
undergo more complex surgery, such as neurosurgery, where
the risks associated with minimal bleeding can be high.
Analysis of a patient’s serum electrolytes is necessary in
those children who have an electrolyte imbalance such as
those patients with renal insufficiency or with adrenal abnor-
malities, or in those patients who are on medications which
might influence volume status and electrolyte balance [7].
Radiological studies (Chest X rays, airway and chest CT/
MRI scans) are useful in children with airway or respiratory
compromise, such as patients who present with a mediastinal
mass. A preoperative cardiac evaluation including echocar-
diography is justified in those patients who have symptoms
concerning for cardiac disease such as failure to thrive, low
exercise tolerance, a pathologic-sounding murmur (e.g.,
louder than 2/6, diastolic, pansystolic, continuous), decreased
femoral pulses and in the critically ill child, hemodynamic
instability that is unexplained [1].

Adolescent females can be at risk for undetected preg-
nancy. When time permits, or when the critically ill adoles-
cent female is preparing to undergo elective surgery, one
should consider obtaining urine or serum beta-hCG level

[14], particularly in situations in which the medical manage-
ment of the patient would be altered by a positive result.

All preoperative laboratory testing should involve a risk/
benefit analysis. If the test is to be performed, the results
should affect a change in perioperative management. The
risks of injury, discomfort, inconvenience, delay of surgery,
or increased costs must be outweighed by a potential direct
benefit to the patient [7].

Vascular Access

Appropriate intra-venous access is useful prior to surgery.
The determination of what kind or how much access to attain
is based on patient stability and anticipated fluid replacement
and blood loss that will occur intra-operatively. Invasive arte-
rial and/or central venous pressure monitoring is recom-
mended in unstable patients undergoing complex procedures.
Anesthesia providers are aware that access is easier to obtain
on sedated or anesthetized children, so acquiring complete
access prior to entry into the operating room is often not nec-
essary, particularly in non-emergent situations. If a child is
anticipated to be hospitalized for at least 4—7 days, the place-
ment of a PICC line should be considered [15]. Schwengel
et al. demonstrated that the preemptive placement of a PICC
line in this patient population is associated with fewer veni-
punctures for blood sampling and replacement of failed
peripheral IV catheters post-operatively. Due to the less fre-
quent venipunctures, these patients experienced less pain
during their hospitalization, and patient and parental satis-
faction scores were subsequently higher. Although compli-
cations can occur with PICC placement, complications are
less likely to occur with PICC lines when compared with
other central venous catheters. Schwengel and her group
advocate the placement of the PICC line intraoperatively to
improve cost effectiveness.

Preventing Surgical Site Infections

Surgical site infections (SSIs) account for approximately
22 % of all nosocomial infections [16]. In pediatric patients,
they prolong hospital stay by approximately 10 days and
increase costs by more than $27,000 per patient [16]. Risk
factors for surgical site infections include age, comorbidities
(e.g., diabetes), obesity, tobacco abuse, malnutrition, steroid
use, and immunosuppression [17]. It is estimated that up to
60 % of surgical site infections could be prevented using
evidence-based strategies including appropriate antibiotic
prophylaxis, enhanced oxygen administration, maintenance
of perioperative normothermia, fluid management, and skin
disinfection [16—18]. Not complying with these strategies is



associated with increased mortality — for example, a poor
choice in antibiotic has been associated with a threefold
increase in mortality, and hypothermia on arrival to the post-
operative care unit has been associated with a greater than
fourfold increase in mortality [18]. Unfortunately, compli-
ance with guidelines has been suboptimal in many hospitals,
and the etiology for this is believed to be multifactorial, with
problems occurring at the patient, provider, and system lev-
els [18].

Although pediatric-specific guidelines were not available,
Ryckman et al. described the experience in which adult
evidence-based data was applied to a pediatric setting to
yield successful results in reducing SSIs [16]. This included
building a specific process in which the appropriate antibi-
otic selection and dosing was consistently ordered in a timely
fashion prior to each patient entering the operating room so
that each patient could have the antibiotic administered prior
to incision. In the critically-ill child preparing to undergo
surgery, communication of who ordered, what dose, and tim-
ing of antibiotic administration is crucial in the fight against
SSIs, especially considering that patients who undergo emer-
gency surgery are at even higher risk of suffering from an
SSI. In fact, team skills — namely, collaboration and commu-
nication, have been shown to be associated with decreased
morbidity when analyzing high-risk medical settings such as
intensive care units and the operating room [18].

Compliance with maintaining perioperative normother-
mia can also be difficult, particularly in the pediatric patient
due to their increased body surface area. Intraoperative
hypothermia is believed to be associated with a reduction in
peripheral circulation, which may increase regional tissue
hypoxia and make wounds more susceptible to infection,
even when tissue contamination is low [19]. Additionally, it
is difficult to maintain euthermia after anesthetic induction
because all general anesthetics markedly disturb normal
autonomic thermoregulation. In addition to the fact that
patients are exposed to a cold operating environment, have
potentially cold liquids on them that are allowed to evapo-
rate, have heat loss from the surgical wound, and have a
reduced metabolic rate under anesthesia, they also have
impaired shivering and vasoconstriction due to the anesthetic
[20]. It is not surprising then, that Meeks et al. demonstrated
that patients with lower initial temperatures in the operating
room were more likely to be hypothermic at the end of their
surgery [18]. It has been suggested that preoperative warm-
ing the hour before surgery may be just as important in main-
taining euthermia as the intraoperative and immediate
postoperative periods to reduce rates of infection [19]. At our
institution, all operating rooms are warmed during the night-
shift. Additionally, all patients who are preparing to undergo
surgery that is considered high-risk for surgical site infec-
tions (e.g., orthopedic spinal reconstruction and neurosurgical
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procedures) are warmed preoperatively using forced-air
warming blankets [16].

Administration of supplemental oxygen at an FiO, of at
least 0.6 both intra- and post-operatively is also useful in
reducing surgical site infections. Developing and compli-
ance with a standardized approach such as the use of a
Surgical Site Infection ( SSI) prevention bundle including (1)
appropriate and timely antibiotic administration (2) mainte-
nance of body temperature during surgery and (3) adminis-
tration of supplemental oxygen during and for at least 4 h
after surgery can significantly reduce the rate of surgical site
infections.

Transportation of Critically lll Patients

The act of transporting a critically ill child to his/her anesthe-
tizing location carries risk in itself. During transport, the
patient is removed from an advanced monitoring location to
a situation in which such monitoring may not be easily avail-
able. Wallen et al. demonstrated that the intrahospital trans-
port of critically ill children is associated with adverse events
secondary to the transport process itself [21]. Namely, they
found that intrahospital transport was significantly associ-
ated with significant changes in vital signs, alteration in ven-
tilation and oxygenation, and equipment-related events.
They showed that patients who have a higher degree of
severity of illness, and a longer duration of transport are par-
ticularly at risk for adverse events. Mechanically ventilated
patients were noted to have a higher frequency of mishaps
compared to those who were not mechanically ventilated -
likely secondary to the fact that mechanically ventilated
patients have more equipment and can thus increase their
chances of equipment-related adverse events.

It is imperative therefore, that patient’s receive the same
level of thorough care during the transportation process as
they receive during their ICU stay and in the Operating
Room itself. The most important issues of concern during
the transportation process include “patency of the airway,
preventing hypoxemia, protecting the airway from the aspi-
ration of gastric contents, maintaining adequate circulation,
protecting the patient from physical injury” [22], as well as
the prevention of hypothermia [21]. Patients should receive
the same level of monitoring during transport that they
receive while in the ICU or in the OR. This meticulous level-
of-care is particularly important in patients who are receiv-
ing vasoactive infusions. On transport, guard rails should be
up, patients who need them should have physical restraints,
and patients should be covered to prevent hypothermia as
well as maintain patient dignity. Finally, emergency medica-
tions and equipment should be available throughout the
transportation process [23].
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Communication and Safe Hand-Off of
Patient Care

Breakdowns in communication have been shown to result
in patient injury, and are the second most common cause
of inpatient surgical errors after technical errors [24].
Communication breakdowns have also been associated with
delays in care, increased patient morbidity, and longer ICU
stays [24, 25]. It is believed that acutely ill patients in surgi-
cal ICUs are the most vulnerable to communication errors
[25]. According to Frei in an editorial regarding anesthetic
risk, “Communication in a team is a function of the attitudes
displayed, and attitude is a function of the value system
of the individual. Although communication may function
well amongst team members of the same profession, it is
often under-utilized between colleagues from different spe-
cialty areas” [26]. Various medical specialties — Intensive
Care, Surgery, Anesthesia, Cardiology, Radiology, and
Hematology/Oncology, to name a few — should strive to align
quality improvement efforts in improving cross-disciplinary
communication.

An example of a process improvement initiative at
Cincinnati Children’s Hospital Medical Center to improve
multi-disciplinary communication has been the “Safe Hand-
off of Patient Care.” The aim of this initiative was to ensure
safe-handoff in patients presenting from the ICU to the oper-
ating room and vice-versa 100 % of the time [27]. To ensure
the process is performed in a consistent manner, laminated
cards are handed to all anesthesia personnel to aid in the
post-operative hand-off process (Table 1.2). This checklist is
easily adapted to the preoperative setting. In addition to the
use of this simple tool, data on the hand-off process is regu-
larly collected, and failures are discussed with providers in
real-time so that behavior can be modified quickly.

Communication between health care providers, patients,
and their families is also important — particularly in the
critically-ill patient. Patient’s families, and if age-appropriate,
the patient himself should be provided appropriate informa-
tion prior to surgery regarding prognosis and expected out-
comes from surgery. This, of course, is inherent in the
informed consent process. However, in the critically ill child,
it is important that care providers from differing specialties
(e.g., Critical Care, Surgery, and Anesthesia) agree and com-
municate the care plan to the patient and family. Patients
who have Do Not Resuscitate (DNR) orders in place pose an
ethical challenge prior to undergoing surgery and anesthesia.
In 2008, the American Society of Anesthesiologists affirmed
guidelines regarding the care of these patients. They encour-
age the communication amongst all parties that are involved
in the care of the patient. In clinical situations in which there
is time, the status of the DNR order should be reviewed with
the family and with providers. Most families are not aware

Table 1.2 Cincinnati Children’s Hospital Medical Center Department
of Anesthesia handoff checklist

Handoff checklist

Stable airway/vital signs

Ask “Are you ready for report?”

Name, age, weight, allergies

Procedure

Relevant medical history

AR

Type of airway management (ETT/LMA/Mask, awake/deep
extubation?)

7. Access/fluids

8. Medications given

9. Intraoperative complications/issues?

10. Postoperative concerns (pain plan, labs, foreign bodies in airway)
11. Any questions?

that the nature of modern anesthesia practice includes the use
of vasoactive drugs, tracheal intubation, mechanical ventila-
tion, and other “invasive” procedures [28] — a practice that
could be considered “resuscitation” in other settings. The
ASA guidelines suggest three possible outcomes to a review
of the DNR order: (1) Full Attempt at Resuscitation in which
there is a full suspension of the DNR order during the peri-
operative period; (2) Limited Attempt at Resuscitation
Defined with Regard to Specific Procedures in which the
family may elect or refuse to employ specific resuscitative
measures during the perioperative period; and (3) Limited
Attempt at Resuscitation Defined with Regard to the Patient’s
Goals and Values in which the family grants the anesthesi-
ologist and surgeon permission to use their clinical judgment
in accordance with the patient’s and family’s stated goals and
values [29]. What constitutes “perioperative period” should
also be clearly defined. Whatever decision is reached, a clear
statement should be placed in the medical record regarding
these preferences. As each patient, family, and clinical situa-
tion is unique, there is no single correct “solution” in these
circumstances [28]. Only careful communication can ensure
that each patient and family are treated with the dignity that
they deserve during such a vulnerable time in their care.

Conclusion

Critically ill patients pose a major challenge as they tran-
sit through the care of multiple providers in the periopera-
tive pathway. Thorough preoperative evaluation with
identification of risk factors, optimization of these risk
factors and adequate preparation of the patient, effective
communication between care providers and the patient/
families and amongst critical care unit and operating
room teams and safe transport of these patients to and
from the operating room are key factors to improving the
outcome for the critically ill child requiring surgery.



10

Acknowledgments Part of this chapter was extracted from:

Frei FJ. Anaesthetists and perioperative risk. Paediatr Aanesth.
2000;10:349-51. With permission from John Wiley & Sons Inc.

Maxwell LG, Yaster M. Perioperative management issues in pediatric
patients. Anesthesiol Clin North America. 2000;18(3):601-32. With
permission from Elsevier.

References

10.

11.

. von Ungern-Sternberg BS, Habre W. Pediatric anesthesia — poten-

tial risks and their assessment: Paediatr Anaesth.

2007;17(3):206-15.

part 1.

. Van Der Walt JH. Searching for the Holy Grail: measuring risk in

paediatric anaesthesia. Paediatr Anaesth. 2001;11(6):637—41.

. American Society of Anesthesiologists Committee. Practice guide-

lines for preoperative fasting and the use of pharmacologic agents
to reduce the risk of pulmonary aspiration: application to healthy
patients undergoing elective procedures: an updated report by the
American Society of Anesthesiologists Committee on Standards
and Practice Parameters. Anesthesiology. 2011;114(3):495-511.

. Cook-Sather SD, Litman RS. Modern fasting guidelines in chil-

dren. Best Pract Res Clin Anaesthesiol. 2006;20(3):471-81.

. Warner MA, Warner ME, Warner DO, Warner LO, Warner EJ.

Perioperative pulmonary aspiration in infants and children.
Anesthesiology. 1999;90(1):66-71.

. Mercado DL, Petty BG. Perioperative medication management.

Med Clin North Am. 2003;87(2):41-57.

. von Ungern-Sternberg BS, Habre W. Pediatric anesthesia — poten-

tial risks and their assessment: part II. Paediatr Anaesth.
2007;17(4):311-20.

. American Society of Anesthesiologists Task Force on Perioperative

Blood Transfusion and Adjuvant Therapies. Practice guidelines for
perioperative blood transfusion and adjuvant therapies: an updated
report by the American Society of Anesthesiologists Task Force on
Perioperative Blood Transfusion and Adjuvant Therapies.
Anesthesiology. 2006;105(1):198-208.

. Maxwell LG. Age-associated issues in preoperative evaluation,

testing, and planning: pediatrics. Anesthesiol Clin North America.
2004;22(1):27-43.

Wilson W, Taubert KA, Gewitz M, et al. Prevention of infective
endocarditis: guidelines from the American Heart Association: a
guideline 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, Coundil on Cardiovascular Surgery and Anesthesia,
and the Quality of Care and Outcomes Research Interdisciplinary
Working Group. Circulation. 2007;116(15):1736-54.

Yong SL, Mark P, Esposito M, Coulthard P. Supplemental periop-
erative steroids for surgical patients with adrenal insufficiency.
Cochrane Database Syst Rev. 2009;4:CD005367.

12.

13.

14

15.

20.

21.

22.

23

24.

25.

26.

217.

28.

29.

N.S. Hagerman and A.M. Varughese

Rhodes ET, Ferrari LR, Wolfsdorf JI. Perioperative management of
pediatric surgical patients with diabetes mellitus. Anesth Analg.
2005;101(4):986-99.
Litman RS, Rosenberg H. Malignant hyperthermia-associated dis-
eases: state of the art uncertainty. Anesth Analg.
2009;109(4):1004-5.

. American Society of Anesthesiologists Task Force on Preanesthesia

Evaluation. Practice advisory for preanesthesia evaluation: a report
by the American Society of Anesthesiologists Task Force on
Preanesthesia Evaluation. Anesthesiology. 2002;96(2):485-96.
Schwengel DA, McGready J, Berenholtz SM, Kozlowski LlJ,
Nichols DG, Yaster M. Peripherally inserted central catheters:
a randomized, controlled, prospective trial in pediatric surgical
patients. Anesth Analg. 2004;99(4):1038-43.

. Ryckman FC, Schoettker PJ, Hays KR, et al. Reducing surgical site

infections at a pediatric academic medical center. Jt Comm J Qual
Patient Saf. 2009;35(4):192-8.

. Diana M, Hubner M, Eisenring MC, Zanetti G, Troillet N,

Demartines N. Measures to prevent surgical site infections: what
surgeons (should) do. World J Surg. 2011;35(2):280-8.

. Meeks DW, Lally KP, Carrick MM, et al. Compliance with guide-

lines to prevent surgical site infections: as simple as 1-2-3? Am J
Surg. 2011;201(1):76-83.

. Melling AC, Ali B, Scott EM, Leaper DJ. Effects of preoperative

warming on the incidence of wound infection after clean surgery:
a randomized controlled trial. Lancet. 2001;358(9285):876-80.
Sessler DI. Temperature monitoring and perioperative thermoregu-
lation. Anesthesiology. 2008;109(2):318-38.

Wallen E, Venkataraman ST, Grosso MJ, Kiene K, Orr RA.
Intrahospital transport of critically ill pediatric patients. Crit Care
Med. 1995;23(9):1588-95.

Frei FJ. Anaesthetists and perioperative risk. Paediatr Anasth.
2000;10:349-51.

. Maxwell LG, Yaster M. Perioperative management issues in pediat-

ric patients. Anesthesiol Clin North America. 2000;18(3):601-32.
Arriaga AF, Elbardissi AW, Regenbogen SE, et al. A policy-based
intervention for the reduction of communication breakdowns in
inpatient surgical care: results from a Harvard surgical safety
collaborative. Ann Surg. 2011;253(5):849-54.

Williams M, Hevelone N, Alban RF, et al. Measuring communica-
tion in the surgical ICU: better communication equals better care.
J Am Coll Surg. 2010;210(1):17-22.

Frei FJ. Anaesthetists and perioperative risk. Paediatr Anaesth.
2000;10(4):349-51.

Varughese AM, Morillo-Delerme J, Kurth CD. Quality manage-
ment in the delivery of pediatric anesthesia care. Int Anesthesiol
Clin. 2006;44(1):119-39.

Craig DB, Webster GC. Do not resuscitate orders — managing the
dilemma. Can J Anaesth. 1998;45(5Pt2):R160-71.

American Society of Anesthesiologists Ethics Committee. Ethical
guidelines for the anesthesia care of patients with do-not-resuscitate
orders or other directives that limit treatment. http://www.asahq.
org/For-Healthcare-Professionals/Standards-Guidelines-and-
Statements.aspx. Accessed 12 Oct 2011.


http://www.asahq.org/For-Healthcare-Professionals/Standards-Guidelines-and-Statements.aspx
http://www.asahq.org/For-Healthcare-Professionals/Standards-Guidelines-and-Statements.aspx
http://www.asahq.org/For-Healthcare-Professionals/Standards-Guidelines-and-Statements.aspx

David P. Martin and Joseph D. Tobias

Abstract

Varying depths of sedation through general anesthesia may be required in critically ill
patients during surgical interventions, non-invasive procedures such as magnetic resonance
imaging, or invasive procedures such as central line placement. During such procedures, a
variety of agents may be chosen to provide the conditions required for a surgical procedure
including amnesia, analgesia, muscle relaxation and control of the sympathetic nervous
system. The agents used for the induction and maintenance of general anesthesia may be
broadly classified into either inhalational (volatile) or intravenous agents. In addition to
their use in the operating room for the provision of general anesthesia, both the intravenous
and volatile agents may be used outside of the operating for either their sedative properties
or even occasionally for their therapeutic effects. Examples include the use of propofol for
sedation during magnetic resonance imaging, pentobarbital to control intracranial pressure
(ICP) in patients with traumatic brain injury, or the administration of isoflurane for the treat-
ment of status asthmaticus. The following chapter reviews the history, pharmacology, and

end-organ effects of the inhalational and intravenous anesthetic agents.
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Introduction

For major or minor surgical procedures, varying depths of
sedation through general anesthesia may be required based
on the surgical procedure and the patient’s ability to coop-
erate. For infants and children, general anesthesia is fre-
quently chosen as the optimal means of ensuring immobility
and pain control during major surgical procedures. During
such procedures, a variety of agents may be chosen to pro-
vide the conditions required for a surgical procedure includ-
ing amnesia, analgesia, muscle relaxation and control of the
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sympathetic nervous system. The agents used for the induc-
tion and maintenance of general anesthesia may be broadly
classified into either inhalational (volatile) or intravenous
agents. The choice of the class of agent and the specific drug
is broadly based on the patient’s physical status and under-
lying co-morbid conditions, the clinical scenario, and the
anesthesia provider’s familiarity with the various agents.
In addition to their use in the operating room for the provi-
sion of general anesthesia, many of these agents are used
outside of the operating for either their sedative properties
or even occasionally for their therapeutic effects. This may
include the use of propofol for procedural sedation, the use
of pentobarbital to control intracranial pressure (ICP) or the
administration of isoflurane for the treatment of status asth-
maticus. The following chapter reviews the history, pharma-
cology, and end-organ effects of the various inhalational and
intravenous anesthetic agents.
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The Inhalational Anesthetic Agents

The inhalational anesthetic agents include nitrous oxide
(N,O) and the five potent inhalational agents (halothane,
enflurane, isoflurane, sevoflurane, and desflurane). The
potent inhalational anesthetic agents, otherwise known as
volatile agents include halothane, enflurane, isoflurane,
sevoflurane and desflurane. These agents will discussed
together and their individual differences highlighted later on
in this chapter.

Nitrous Oxide

N,O is the oldest of the inhalational anesthetic agents. Unlike
the volatile agents that are delivered using a vaporizer (see
below), N,O is delivered from a tank (E cylinder) like other
medical gases such as oxygen. Although there has been a
decline in its use with the introduction of volatile agents with
low blood-gas solubility coefficients (desflurane, sevoflu-
rane), N,O is still available in the majority of the operating
rooms throughout the world. Additionally, it has been used
outside of the operating room for procedural sedation for
decades and in some centers, practitioners have found a
renewed interest in its use for this purpose.

N0 is colorless and depending on the source, has been
described as either sweet smelling or odorless. In clinical
practice, N,O is administered with oxygen in concentrations
varying from 30 % up to 70 % to provide sedation/analgesia
or a weak anesthetic effect. In concentrations of 70 % with
30 % oxygen, N,O will render the majority of patients
amnestic and provide moderate levels of analgesia sufficient
for minor surgical procedures. In the arena of procedural
sedation N,O can be combined with a topical anesthetic for
short, minimally invasive procedures such as venipuncture or
lumbar puncture. Prior to the advent of the new era of inha-
lational anesthetic agents, N,O was also used during inhala-
tional inductions because it enhanced the speed of induction.
The speed of induction is increased by the co-administration
of N,O because it is a fast acting anesthetic on its own, and
secondly, because of the “second gas effect”. As N,O is
absorbed into the blood from the alveoli, it effectively results
in a concentration increase in the remaining gases present in
the alveoli. This creates a larger concentration gradient
between the alveoli and blood, thus a faster time to uncon-
sciousness. This same principle results in what is known as
diffusion hypoxemia during recovery from N,O sedation. As
the N,O diffuses from the blood into the alveoli, its alveolar
concentration increases quickly thereby decreasing the alve-
olar concentration of oxygen.

Chronic exposure to N,O can lead to an impairment of
bone marrow function and anemia by inactivation of methi-
onine synthetase, an enzyme necessary for vitamin B,
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metabolism. The anemia is typically described as megalo-
blastic. Because there is impairment of DNA synthesis with
vitamin B, deficiency, there is cell growth without cell divi-
sion, thus leading to macrocytic red blood cells. This same
effect on vitamin B, metabolism can, with repeated or pro-
longed exposure, lead to neurological signs and symptoms
with deterioration of the posterior columns of the spinal
cord. The risk of neuropathy is enhanced in patients with
subclinical By, deficiency. N,O diffuses into and expands
gas-containing closed spaces in the body (obstructed bowel,
pneumothorax, middle ear, pneumocephalus, and air emboli)
because it is significantly more soluble in blood than nitro-
gen. With time, the pressure in the closed cavity and size
of the cavity can increase to dangerous levels with resultant
physiologic changes based on the site of accumulation.

Because of its low potency, nitrous oxide must be deliv-
ered in concentrations in excess of 50-70 % to achieve an
amnestic or analgesic effect. This combined with the poten-
tial for end-organ toxicity with prolonged exposure excludes
its use for prolonged periods of time. Given these issues, it
has a limited role in the PICU and its major role outside of
the operating room remains in the arena of procedural seda-
tion. As such, it will not be discussed in further detail in this
chapter.

Volatile Anesthetics

History of the Volatile Agents

The practice of inhalational anesthesia began in the 1840s
with the demonstration of the efficacy of diethyl ether by
Crawford Long (ether dome demonstration) and WTG
Morton. Although these agents provided the needed com-
ponents for surgical anesthesia, adverse effects were soon
noted with the first generation of the inhalational anesthetic
agents, including flammability, adverse end-organ effects,
and unfavorable pharmacokinetics with prolonged postop-
erative effects. Subsequent advancements in fluorine chem-
istry and the development of efficient and cost-effective
ways of incorporating fluorine into the chemical structure
of various molecules led to the next generation of inhala-
tional anesthesia which included agents such as chloroform
and trichloroethylene [1]. Although less flammable than
their predecessors, these agents still had significant adverse
effects, including hepatotoxicity and neurotoxicity as well
as unfavorable pharmacokinetics resulting in prolonged
recovering times.

The next advancement was the development of various flu-
orinated hydrocarbons in the 1940s [2]. This work led to the
synthesis in the early 1950s of fluroxene (2,2,2-trifluoroethyl
vinyl ether), a fluorinated hydrocarbon, which was the first
of this class of agents to be widely used in clinical practice
[2, 3]. Despite advantages over the previously available



2 Pharmacology of Inhalational and Intravenous Anesthetic Agents

inhalational anesthetic agents, fluroxene’s adverse effect
profile included arrhythmias, nausea and vomiting, and
hepatotoxicity [3—5]. Halothane, a halogenated alkane, was
introduced into clinical practice in 1956 [6]. When compared
with its predecessors, halothane offered several favorable
properties including non-flammability, a favorable blood:gas
partition coefficient, a favorable profile for inhalation induc-
tion including a rapid onset and limited pungency, broncho-
dilatation, relative cardiovascular stability, and a decreased
incidence of nausea and vomiting. Halothane became the
mainstay of inhalational anesthesia for the next 20 years.
However, halothane’s potential to elicit an immune-mediated
hepatotoxicity especially in the adult population pushed the
development of additional agents with decreased metabo-
lism, less risk of hepatotoxicity, and a better safety profile.
Ongoing research in the area of inhalational anesthesia over
the next 20 years led to the development of the substituted
methyl-ethyl ethers. The substitution of fluorine for the
various halides surrounding the carbon atoms led to greater
stability and lower tissue solubility. This work led to the
development of the modern class of inhalational anesthetic
agents including enflurane, isoflurane and eventually desflu-
rane. The latter two agents combined with the reintroduction
of sevoflurane, a methyl-isopropyl either, into clinical prac-
tice in the early 1990s comprise the currently used class of
potent inhalational anesthetic agents.

Chemical Structure and Physical Characteristics

The volatile agents are two chemically distinct classes
(alkanes and ethers) with similar hypnotic and anesthetic
properties. Halothane is an alkane (a two carbon chain) while
the other four agents (enflurane, isoflurane, desflurane, and
sevoflurane) are ethers. Although these agents share a similar
physiologic effect (production of a general anesthetic state),
their physical effects (blood:gas solubility, blood:fat solubil-
ity, and potency) vary based on the substitution of various
halides (chloride, bromide, fluouride) for hydrogen atoms
around the carbon chain.

The potent inhalational anesthetic agents are volatile lig-
uids which mean that they will revert to the gas phase at
atmospheric pressure and room temperature. As such, they
are administered to the patient via a vaporizer that is situated
on the anesthesia machine. The vaporizers allow the anesthe-
sia provider to increase or decrease the inspired concentration

13

of the agent by turning the dial on the device. As the concen-
tration on the vaporizer is increased, more of the fresh gas
flow from the anesthesia machine is diverted into the vapor-
izer thereby increasing the output of the agent and its inspired
concentration. Because the vapor pressures of the volatile
anesthetic agents vary, there is a specific vaporizer for each
agent. The volatile agents are monitored by sampling the gas
in expiration and inspiration. The end-tidal or expired con-
centration has been shown to correlate with the alveolar con-
centration [7]. The end-tidal concentration is used clinically,
along with many other signs and monitors, to judge the
approximate depth of anesthesia.

Uptake and Distribution of the Volatile Agents

The inhalational agents are delivered via the respiratory sys-
tem, thereby resulting in unique qualities when compared to
intravenous agents. Delivery, uptake, distribution, and elimi-
nation are governed by principles that differ from intrave-
nous agents used in the critically ill PICU patient. One of the
primary characteristics which determines the onset and dura-
tion of action of a potent inhalational anesthetic agent is the
blood:gas solubility coefficient. This coefficient defines the
solubility of the agent in the blood and determines the con-
centration ratio between the blood and the alveolar gas when
equilibrium is reached.

A basic premise to understanding the onset of these agents
is the assumption that the alveolar concentration of the agent
equals the brain concentration. A low solubility in the blood
(low blood:gas partition coefficient) allows the alveolar con-
centration of the agent and hence the brain concentration of
the agent to increase more rapidly than agents with a higher
solubility in blood. The same is true in regards to the dissipa-
tion of the effects when the agent is discontinued. Although
this difference is most notable during the induction of anes-
thesia, the depth of anesthesia can also be adjusted more
quickly with an agent that has a lower blood:gas partition
coefficient. Desflurane has the lowest blood:gas solubility
coefficient and therefore the most rapid onset and offset of
activity, followed in order by sevoflurane, isoflurane, enflu-
rane, and halothane (Table 2.1). Due to the rapidly increasing
number of surgical cases performed on an outpatient basis,
the volatile agents have evolved significantly since their
advent more than 150 years ago. Agents with lower blood:gas
partition coefficients such as desflurane and sevoflurane

Table 2.1 Physical characteristics of the potent inhalational anesthetic agents

Volatile agent Vapor pressure (mmHg at 20 °C)

Halothane 243 2.54
Enflurane 175 1.91
Isoflurane 238 1.46
Sevoflurane 160 0.69
Desflurane 664 0.42

Blood: gas partition coefficient

Minimum alveolar concentration or MAC (%)
0.76

1.7

1.2

2

6
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allow for a much more rapid wake-up, fewer prolonged
residual effects, and potentially fewer adverse effects which
provide significant patient and healthcare (cost) benefits for
the increasing outpatient surgical population.

In addition to the blood:gas partition coefficient, the
increase in the alveolar concentration of the agent is deter-
mined by their delivery to the alveolus. The rapidity with
which the alveolar concentration increases is an effect of
both the minute ventilation and the inspired concentration of
the agent. Following delivery, the inhalational anesthetic
agents are then taken up from the alveoli into the blood.
Uptake is dependent on the agent’s solubility in the blood
(blood:gas partition coefficient), blood flow through the
lungs (cardiac output), distribution of blood flow to the vari-
ous tissue beds, and the solubility of the agents in these tis-
sues (blood:tissue solubility coefficient). The end-capillary
venous blood from the lungs which empties into the left
atrium and eventually becomes the arterial blood leaving the
left ventricle rapidly equilibrates with the alveolar concen-
tration [7]. This latter principles explains the premise that the
alveolar concentration of the agent parallels the brain tissue
concentration. These principles describe why insoluble
agents (desflurane and sevoflurane) with a low blood:gas
partition coefficient result in a more rapid rise in the alveolar
concentration and therefore the most rapid onset of action.

Patient factors may also affect the increase in the alveolar
concentration and hence the onset of action of the volatile
agents. Alterations in the onset of action may be seen in
patients with ventilation-perfusion mismatch or with true
shunt related to congenital heart disease. In a patient with a
left-to-right shunt, blood with a high concentration of the
inhalational anesthetic agent returns from the lung and enters
the left atrium. Some portion of this blood (based on the Qp/
Qs ratio) recirculates through the lungs via the left-to-right
shunt. This results in an increase in the mixed venous con-
centration of the inhalational anesthetic agent more rapidly
than the normal. This accelerates the increase of the alveolar
concentration and thereby the onset of action of the agent. In
a patient with a right-to-left shunt, the opposite effect occurs
with a delayed onset of action of these agents.

Minimum Alveolar Concentration of the Volatile
Agents

The potency of the inhalational anesthetic agents is mea-
sured using the principle known as minimum alveolar con-
centration (MAC). MAC is the end-tidal concentration
(percentage) of the volatile agent that prevents 50 % of
patients from moving in response to a surgical stimulus. The
most potent of the agents will have the lowest MAC value as
less is required to produce a given clinical effect. Halothane
has a MAC of approximately 0.76 % while desflurane is the
least potent with a MAC of 6 % (Table 2.1). Several factors
including age, co-morbid conditions, and the concomitant
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administration of other medications affect MAC. The opi-
oids, apy-adrenergic agonists, propofol, barbiturates, and ben-
zodiazepines lower the MAC of the volatile agents. Other
factors affecting MAC include age, pregnancy, and central
nervous system disorders. MAC is low in preterm infants,
increases in term infants, and then decreases slightly with
advancing age [8, 9].

End-Organ Effects

Despite their use in clinical anesthetic practice for over
150 years, the exact cellular mechanism responsible for the
general anesthetic effects of these agents has not been fully
identified. Current theories regarding their mechanism of
action suggest that they stabilize critical proteins including
receptors of inhibitory neurotransmitters such as y-amino
butyric acid (GABA). Because the potency of each volatile
agent correlates with their solubility in oil, it is theorized that
the anesthetic effect involves interaction with a hydrophobic
substrate. The current consensus is that volatile anesthetics
do not act by a single mechanism. A location of action within
the spinal cord may explain skeletal muscle relaxation while
a cortical site explains sedation and hypnosis.

CNS Effects

In addition to their anesthetic properties, the volatile agents
cause a dose-related decrease in CNS activity, reduction of
the cerebral metabolic for oxygen (CMRO,), and depression
of electroencephalographic (EEG) activity. In large enough
concentrations, an isoelectric EEG will occur. In contrast to
their usual depressant effects on the EEG pattern, in specific
circumstances, both enflurane and sevoflurane can activate
the EEG and produce EEG evidence of epileptiform activity
[10]. EEG activation occurs most commonly during anes-
thetic induction when there is a rapid increase in the alveolar
concentration of the agent or with the administration of high
inhaled concentrations. EEG activation is enhanced by
hyperventilation and the development of hypocarbia. Despite
this property, the volatile agents including sevoflurane
depress EEG activity and have been used in the treatment of
status epilepticus [11, 12].

The volatile agents decrease the CMRO,; however, they
increase cerebral blood flow (CBF) in a dose-dependent
manner via a reduction in cerebral vascular resistance. The
cerebral vasodilatation induced by the volatile agents may
elevate intracranial pressure (ICP) in patients with compro-
mised intracranial compliance. In these patients, cerebral
perfusion pressure (CPP) may decrease not only due to the
increase in ICP, but also the hemodynamic effects which
result in a lowering of mean arterial pressure (MAP) [13].
The adverse effects on ICP vary from agent to agent, are
least with isoflurane, and can be minimized by limiting the
concentration to 1.0 MAC or blunted by hyperventilation to
induce hypocarbia (PaCO, of 25-30 mmHg) [14, 15].
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Cardiovascular Effects
In the practice of pediatric anesthesia, anesthesia is frequently
induced by the inhalation of increasing concentrations of a
volatile agent to avoid the need for placement of intravenous
access in an awake child. Prior to the introduction of sevoflu-
rane into clinical practice, halothane was the time-honored
agent for the inhalational induction of anesthesia given its
lack of irritant effects on the airway. However, especially
in small infants or patients with co-morbid conditions, the
potent negative inotropic and negative chronotropic effects
of halothane remained the number one cause of perioperative
cardiac arrest in infants and children [16]. Given its limited
effects on myocardial contractility and chronotropic function
when compared with halothane, sevoflurane became the pre-
ferred agent for the inhalational induction of anesthesia with
the eventual removal of halothane from anesthetic practice.
Aside from the issues of perioperative cardiac arrest, the vol-
atile agents generally share hemodynamic effects including
a decrease of MAP, depression of myocardial contractility,
and a reduction of myocardial oxygen consumption. These
effects are modified by several factors including co-morbid
cardiovascular diseases, the concomitant administration of
other medications, and the patient’s intravascular status.
Although the volatile agents as a group result in a gen-
eral depression of hemodynamic and cardiovascular func-
tion, the specific changes in cardiac output, systemic vascular
resistance, and heart rate vary to some respect from agent to
agent. Isoflurane and desflurane result primarily in a decrease
in systemic vascular resistance and MAP. The vasodilatation
results in reflex tachycardia and in general, an increase in car-
diac output. A rapid increase in the inspired concentration of
desflurane also stimulates the sympathetic nervous system
and thereby further increases heart rate. A decrease in heart
rate is commonly seen with sevoflurane administered at lower
inspired concentrations (0.5-1 MAC) while inspired concen-
trations greater than 1-1.5 MAC may decrease SVR and result
in a mild reflex tachycardia. Although the negative chrono-
tropic effects of sevoflurane are generally less than those seen
with halothane, profound bradycardia has been described dur-
ing inhalational induction with sevoflurane in patients with
trisomy 21 [17, 18]. Halothane on the other hand has little
or no effect on SVR and results primarily in direct negative
chronotropic and inotropic effects. Given the concerns sur-
rounding halothane, it has been removed from the US market.
The reflex tachycardia which occurs with isoflurane and
desflurane can increase myocardial oxygen demand while
vasodilatation may lower diastolic blood pressure thereby
reducing myocardial perfusion pressure and myocardial oxy-
gen delivery. The imbalance that may occur between myo-
cardial oxygen delivery and consumption has led to
theoretical concerns regarding the potential for myocardial
ischemia. Additionally, vasodilatation of the normal coronary
vasculature with no effect in areas of fixed coronary stenosis
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may result in a coronary steal phenomenon. Due to these
concerns, isoflurane and desflurane should be used cau-
tiously in patients at risk for myocardial ischemia or in
patients who are unable to tolerate tachycardia and a decrease
in systemic vascular resistance. This may also be a consider-
ation in patients with residual or palliated congenital heart
disease in whom alterations in the systemic and pulmonary
vascular resistance may significantly affect the ratio of pul-
monary to systemic blood flow.

Respiratory Effects

The inhalational anesthetic agents also result in a dose-
dependent depression of ventilatory function. With an
increasing inspired concentration and anesthetic depth, there
is a rightward shift of the CO, response curve with a pro-
gressive decrease in alveolar ventilation characterized by a
reduction in tidal volume and an increase in PaCQO, in spon-
taneously breathing patients. The volatile agents also blunt
the normal ventilatory responses to hypercarbia and hypoxia.
These agents may further impair oxygenation especially in
patients with pulmonary parenchymal disease or atelectasis
through the inhibition of hypoxic pulmonary vasoconstric-
tion (HPV) [19]. As with many of the other physiologic
effects, the impact on HPV and hence oxygenation is dose
dependent with limited effects at a concentration <1 MAC.
Beneficial effects on the airways include a direct effect on
bronchial smooth muscle with a decrease in the cytoplas-
mic calcium availability and bronchodilatation [20]. Given
this effect, the inhalational anesthetic agents have been used
effectively outside of the OR for the treatment of patients
with refractory status asthmaticus [21, 22]. Airway effects
result from both a depression of airway reflexes and a direct
effects on the airway smooth musculature [23, 24].

Hepatic Effects

In addition to their direct effects, secondary effects may
occur from the metabolic products of the volatile agents. In
general, the newer agents have been developed to undergo
little or no metabolism thereby limiting the potential adverse
effects related to their metabolic products. Fifteen to 20 % of
halothane is recovered as metabolites compared to 3—5 % for
sevoflurane, 2-3 % for enflurane, 0.2 % for isoflurane, and
less than 0.1 % for desflurane. A significant concern with the
older volatile agents including halothane was the develop-
ment of hepatotoxicity. Although described shortly after the
introduction of these drugs into clinical practice, the mecha-
nism of the hepatic injury was later determined to be related
to an immune-mediated reaction [25-28]. The metabolic
product, trifluroacetic acid (TFA), acts as a hapten, binding
to hepatocytes and thereby inducing an immune-mediated
hepatitis. The diagnosis of hepatic injury following inhala-
tional anesthetic agent use can be confirmed by the demon-
stration of the anti-TFA antibody in the sera of patients.
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Although described primarily with halothane, given its
higher metabolic processing with a greater production of
TFA, there have been anecdotal reports of hepatitis with
enflurane, isoflurane, and even desflurane [28-30]. The met-
abolic pathway of sevoflurane is different from the other
volatile agents and does not result in the production of TFA
with no risk of the hepatoxicity.

Hepatotoxicity from the volatile agents manifests as
either a mild or a fulminant form. As the incidence of hepa-
totoxicity is highest with halothane, the majority of the infor-
mation regarding hepatotoxicity from the volatile agents is
related to halothane. Hepatoxicity is most common in adult
patients who are 35 years of age or more. The mild form
affects 20 % of adults who receive halothane while the ful-
minant form (halothane hepatitis) occurs in 1 of every 10,000
adult patients following halothane anesthesia. The fulminant
form results in massive hepatic necrosis with hepatic insuf-
ficiency or failure resulting in a mortality rate of 50-75 %.
The majority of the patients (up to 95 %) who develop the
fulminant form have had a prior exposure to halothane.
Additional risk factors include female gender, middle age,
obesity, and factors which induce the hepatic microsomal
enzymes such as chronic ethanol ingestion and medications
such as isoniazed and the barbiturates. Given the concerns of
halothane hepatitis, there was limited use of this agent in the
adult population following the introduction of isoflurane and
enflurane into clinical practice. Until the early 1990s when
sevoflurane was introduced, it remained the most commonly
used inhalational agent in infants and children as hepatitis is
exceedingly uncommon with an incidence of less than
1/200,000 [31, 32].

Renal Effects

In rare instances, nephrotoxic effects may occur with the
volatile agents related either to release of fluoride during the
metabolism of the parent compound or the production of
toxic metabolic byproducts. The volatile agents are highly
substituted around their carbon atoms with fluoride.
Therefore, dependent on their metabolic fate, the dose
administered and its duration, fluoride may be released.
Fluoride concentrations greater than 50 pmol/L can result in
decreased glomerular filtration rate or nephrogenic diabetes
insipidus. Methoxyflurane, which is highly substituted with
fluoride and metabolized, was eliminated from clinical prac-
tice due to its potential for nephrotoxicity. Issues with poten-
tial fluoride effects have also been noted with enflurane
especially during prolonged administration. Although less
enflurane is metabolized than methoxyflurane, its content of
fluoride is high enough that serum fluoride concentrations
can increase with prolonged administration [33].

Concerns regarding the potential nephrotoxicity of sevo-
flurane, noted in the literature, include not only fluoride
release during metabolism and, but also the production of the
metabolic byproduct, compound A. Although high levels of
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serum fluoride have been noted following the prolonged
administration of sevoflurane, clinical signs of nephrotoxic-
ity are extremely rare. The low blood:gas partition coeffi-
cient of sevoflurane results in its rapid elimination from the
body and sevoflurane unlike methoxyflurane does not
undergo metabolism in the kidney, but only in the liver.
Therefore, unlike methoxyflurane, there is no local renal
release of fluoride.

The second concern raised regarding potential nephrotox-
icity of sevoflurane is related to the production of a unique
metabolite, compound A. Compound A is produced during
the metabolism of sevoflurane and its reaction with the CO,
soda lime in the carbon dioxide absorber of the anesthesia
machine [34, 35]. To date, the majority of information con-
cerning compound A and its potential toxicities is from ani-
mal studies. As such the toxic concentration of compound A
and the mechanism of renal injury in humans is unknown
[36]. High compound A concentrations occur in the setting
of a high inspired concentration of sevoflurane, a low fresh
gas flow of less than 2 1/min through the anesthesia circuit
system, increasing temperatures of the soda lime canister,
decreased water content of the CO, absorbent, and high con-
centrations of potassium or sodium hydroxides in the CO,
absorbent. To date, it appears that the potential nephrotoxic-
ity of compound A has been exaggerated as the clinical data
have failed to show any alteration in renal function even in
adults with pre-existing renal dysfunction.

Malignant Hyperthermia

In addition to specific end-organ effects, rare idiosyncratic
reactions may be seen with the volatile agents including
malignant hyperthermia (MH). Although uncommon, it is
potentially the most lethal of all of the adverse effects that
can occur with the volatile agents. MH is an inherited disor-
der of muscle metabolism with an estimated incidence of
1:15-20,000 in adults and 1:50,000 in infants and children. It
can be triggered by any of the volatile agents. The primary
cellular defect resides in the ryanodine calcium channel in
the sarcoplasmic reticulum (SR). Dysfunction of this ion
channel following exposure to a volatile agent results in the
exaggerated and continued release of calcium from the SR
into the cytoplasm. The ongoing increase in cytoplasmic cal-
cium results in skeletal muscle contraction and a hypermeta-
bolic state. Clinical signs and symptoms include tachycardia,
hyperthermia, hypercarbia, muscle rigidity, and rhabdomy-
olysis. Rhabdomyolysis with muscle breakdown results in
hyperkalemia and acidosis. Treatment includes prompt rec-
ognition, removal of the triggering agent, and the administra-
tion of dantrolene. Additional therapy is aimed at the
correction of the metabolic disturbances (hyperkalemia and
acidosis), external cooling, and maintenance of diuresis to
limit the impact of the myoglobinuria on renal function.
Without appropriate therapy including the administration of
dantrolene, mortality exceeds 90 %.
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Intravenous Anesthetic Agents

In the operating room, the intravenous anesthetic agents are
administered as premedicants to alleviate preoperative anxi-
ety and to induce or maintain general anesthesia. Outside of
the operating room these agents are used for sedation and
anxiolysis during invasive or non-invasive procedures.
Commonly used intravenous anesthetic agents include the
barbiturates (thiopental, thiamylal, and pentobarbital); pro-
pofol, an alkylphenol; etomidate, an imidazole; ketamine, an
arylcyclohexylamine; and midazolam, a benzodiazepine. As
with any agent used in the PICU, these agents have specific
effects on hemodynamic and respiratory function as well as
other agent-specific concerns which must be considered
when choosing the most appropriate agent for the various
clinical scenarios. Although any of these agents can be used
to induce anesthesia and begin the anesthetic process, the
specific choice of the agent and its dose is based on the clini-
cal scenario, the anticipated duration of the surgical proce-
dure, and the patient’s underlying hemodynamic status and
co-morbid conditions. These medications are generally
administered in combination with other intravenous or vola-
tile agents to produce analgesia, hypnosis, amnesia, and
muscle relaxation.

The intravenous anesthetic agents produce their effects by
either enhancing inhibitory neurotransmission or inhibiting
excitatory neurotransmission. The predominant inhibitory
neurotransmitter in the central nervous system is
y-aminobutyric acid (GABA) whereas the predominant excit-
atory neurotransmitter is glutamate which acts via the
N-methyl-D-aspartate (NMDA) receptor. A GABA molecule
binding to its receptor in the extracellular position results in
increased chloride ion conductance and a decrease of the
resting membrane potential (RMP) resulting in hyperpolar-
ization [37]. Thiopental, midazolam, propofol, and etomidate
interact with different components of the GABA, receptor
complex to enhance the function of the inhibitory neurotrans-
mitter system GABA [38-41]. Ketamine acts differently by
blocking open channels of NMDA receptors that have been
activated by glutamate, an excitatory transmitter, and inter-
acting with brain acetylcholine to create a dissociation
between the thalamocortical and limbic systems [42—44].
The NMDA receptor acts in an excitatory fashion in the cen-
tral nervous system. The receptor has both ligand gated and
voltage gated properties. The receptor is modulated by
ligands such as magnesium, glutamic acid, and glycine.

Barbiturates

The barbiturates were first synthesized in 1864 by von Baeyer.
Thiopental, a short acting barbiturate was first administered
for clinical use in 1934 by Lundy at the Mayo Clinic. The
first widespread use of thiopental was for the induction of
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anesthesia in trauma patients during World War II. The high
incidence of death in these patients who were frequently
hypovolemic from traumatic injuries led some to suggest
that the use of the barbiturates should be discontinued in
anesthetic practice. Despite the initial issues, the barbiturates
were commonly used for anesthetic induction until the early
1990s when they were slowly replaced by propofol. The
short acting agents of the barbiturate class including thio-
pental are no longer available in the United States. Although
still manufactured in some European countries, thiopental
and thiamylal are not exported to the United States as this
class of agent was used for lethal injection (death penalty).

The barbiturates can be classified according to their
chemical structure or their duration of activity. The chemical
structure of the barbiturates varies in that their ring structure
can contain a sulfur atom (thiobarbiturates such as thiamylal
and thiopental) or an oxygen atom (oxybarbiturates or
methohexital). A sulfur atom in the ring results in a more
rapid onset and a shorter duration of action. Increasing the
length of the carbon side-chains at position 5 of the ring
increases the potency of the compound. Short acting agents
such as methohexital, thiopental, and thiamylal have a clini-
cal duration of action of 5-10 min and are used most com-
monly as a single bolus dose for the induction of anesthesia.
The clinical effects of the short acting agents dissipate rap-
idly related to their redistribution, although their hepatic
metabolism may take hours. When a more prolonged effect
is needed, a continuous infusion may be used to maintain
constant plasma levels. However, the offset time will also be
markedly prolonged and dependent on the duration of the
infusion.

Long acting agents with half-lives of 6—12 h include pen-
tobarbital and phenobarbital. In the PICU setting, the barbi-
turates have occasionally been used by continuous infusion
for sedation during mechanical ventilation or more com-
monly, as therapeutic agents to suppress seizures or to
decrease ICP in patients with traumatic brain injury [45-50].
All of the barbiturates (except phenobarbital) undergo
hepatic metabolism. Oxidation is the most important path-
way with the production of charged alcohols, ketones, phe-
nols, or carboxylic acids. These metabolites are readily
excreted in the urine or as glucuronic acid conjugates in the
bile. Renal excretion is important in the elimination of phe-
nobarbital, accounting for a large amount of its elimination
in an unchanged form. The alkalinization of urine enhances
the renal excretion of phenobarbital. Given its dependency
on renal elimination, dosing alterations may be required in
patients with altered renal function. The induction or stimu-
lation of hepatic enzymes by the barbiturates is responsible
for the recommendation that they not be administered to
patients with acute intermittent porphyria. In this setting,
they may precipitate an attack by stimulating y-aminolevulinic
acid synthetase, the enzyme responsible for the production
of porphyrins.



The ultra-shorting acting barbiturates (thiopental and thi-
amylal) are used clinically in a 2.5 % solution with a pH
10.5. The high pH results in a bacteriostatic solution, limit-
ing concerns of bacterial contamination as well as limiting
the pain with intravenous injection. However, the pH of 10.5
leads to incompatibilities with other medications and paren-
teral alimentation solutions thereby necessitating a separate
infusion site if a continuous infusion is used in the PICU
setting. Of additional concern is the formation of a precipi-
tate when the barbiturates are administered with drugs such
as rocuronium mandating flushing the line during rapid
sequence intubation of the trachea. Failure to do so may
result in a precipitate and loss of intravenous access during
critical moments. Local erythema, thrombophlebitis, or skin
sloughing may occur with subcutaneous infiltration. The bar-
biturates possess no analgesic properties and therefore
should be used with an opioid in situations requiring
analgesia.

Like propofol and most other anesthetic agents, the effects
of the barbiturates on hemodynamic and respiratory function
are dose-dependant. In healthy patients, sedative doses will
have limited effects on cardiovascular function, central respi-
ratory drive, and airway protective reflexes while larger
doses may result in respiratory depression, apnea or hypo-
tension. The effects on cardiovascular and ventilatory func-
tion are additive with other sedative and analgesic agents.
Hypotension results from various effects on the myocardium,
peripheral vasculature and sympathetic nervous system
including peripheral vasodilation, a direct negative inotropic
effect, and blunting of catecholamine release. On a cellular
level, the barbiturates inhibit calcium fluxes across cell
membranes and from the sarcoplasmic reticulum thereby
depressing myocardial contractility. With the introduction of
new pharmacologic agents in the PICU and the operating
room as well as acquisition issues, the use of the barbiturates
for sedation during mechanical ventilation and for the induc-
tion of anesthesia has dramatically decreased. In addition to
their role for therapeutic agents or perhaps for the provision
of sedation during mechanical ventilation, there are several
reports outlining their use for procedural sedation especially
during non-painful, radiologic imaging. In particular, the
short-acting oxybarbiturate, methohexital, has been used
extensively via both the oral and PR route (rectal dose of
20-30 mg/kg) as a sedative for CT or MR imaging with
reported success rates of up to 80—85 % [51]. The onset of
sleep is rapid (6—10 min) with a duration of effect of 1.5-2 h.
Adpverse effects are uncommon with mild respiratory depres-
sion responsive to repositioning or the administration of
supplemental oxygen occurring in up to 4 % of patients.
Unlike the other barbiturates, methohexital may activate the
EEG and precipitate seizures in patients with underlying sei-
zure disorders. Although generally administered intrave-
nously, thiopental has also been used as a rectal agent for
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sedation for radiologic procedures in doses of 25-50 mg/kg
[52, 53]. Pentobarbital has an intermediate duration of action
and remains a popular choice for intravenous sedation during
radiologic procedures such as MR imaging where sedation
times may approach 60-90 min which allows the completion
of most MR studies. Although pentobarbital may be admin-
istered via multiple routes (IV, IM, and enteral), IV adminis-
tration remains the most commonly used route. Pentobarbital
is administered in increments of 1-2 mg/kg every 3-5 min
until sleep is induced (average total dose 4-5 mg/kg).
Respiratory depression and hypotension may occur, espe-
cially with rapid intravenous administration. Disadvantages
with pentobarbital include prolonged recovery times (2—4 h)
and emergence issues including agitation. The latter has
been treated effectively with both oral and intravenous caf-
feine [54].

Propofol

First introduced in the early 1970s, propofol was discovered
while investigating substituted phenol compounds [55]. Due
to propofol’s insolubility in water, it has been packaged in
different lipophilic moieties. The current formulation con-
sists of 1 % (10 mg/mL) propofol with the addition of soy-
bean oil, glycerol, and purified egg phosphatide to increase
solubility. Because microbial growth is possible in the emul-
sion, ethylenediaminetetraacetic acid (EDTA) was subse-
quently added as a preservative to prevent bacterial growth.
The formulation’s pH is near-neutral and it appears as a
slightly viscous, milky white, substance. Propofol is also
available as a 2 % solution and as the water soluble pro-drug,
fospropofol. The 2 % solution is not available in the United
States while the latter has not seen significant clinical use in
the pediatric population [56].

Propofol (2,6-diisopropylphenol) is an alkyl-phenol (oil
at room temperature) compound with general anesthetic
properties. Although it has a chemical structure that is dis-
tinct from other intravenous anesthetics, its mechanism of
action is similar as it acts through the GABA system [37,
57]. Propofol facilitates the binding of the native GABA neu-
rotransmitter to membrane-bound receptors. Although pro-
pofol was initially introduced into anesthesia practice for the
induction and maintenance of anesthesia, its rapid onset,
recovery times, and ease of use led to its eventual use for
sedation in a variety of settings including ICU and ambula-
tory settings [58—60]. These properties also make propofol
an attractive choice for short-term sedation during
procedures.

Propofol is metabolized in the liver via conjugation to
glucuronide and sulfate producing compounds that are
water-soluble and thus excreted renally [61]. There are mini-
mal unchanged fractions of the drug excreted in the urine and
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feces. There is debate concerning the extent and presence of
extrahepatic metabolism of the drug [62]. Extrahepatic
metabolism is suggested due to the fact clearance of the drug
exceeds hepatic blood flow. Propofol exhibits a very rapid
redistribution from the central, highly perfused, compart-
ment to more lipid-rich and less well perfused body compart-
ment with an initial redistribution half-life of 2—-8 min. With
repeated doses or as the drug is continuously infused, the
other compartments reach equilibrium with the central com-
partment and there is context-sensitive half-life such that the
recovery time may be longer after prolonged infusion.

Propofol’s cardiovascular effects resemble those of the
barbiturates with the potential for hypotension from periph-
eral vasodilation and negative inotropic properties. The net
result is a combination of decreases in preload and contrac-
tility. These effects are dose-dependent and can be accentu-
ated following rapid bolus administration, in patients with
compromised cardiovascular function, or in hypovolemic
patients. The peripheral vasodilatation may be particularly
detrimental in patients with a fixed stroke volume such as
those with aortic or mitral stenosis. The adverse hemody-
namic consequences of propofol administration can be
prevented by the administration of calcium chloride which
attenuates the changes in contractility and systemic vas-
cular resistance (SVR) [63]. Other methods used to avoid
hemodynamic instability with propofol include assuring
euvolemia prior to induction, coadministration of an alpha;-
agonist such as phenyephrine and slow administration during
induction. Additional cardiovascular effects may be caused
by augmentation of central vagal tone leading to bradycar-
dia, conduction disturbances, and asystole [64—66]. These
effects are more likely with the concomitant administration
of other medications known to alter cardiac chronotropic
function including fentanyl, succinylcholine, or antiarrhyth-
mic medications.

Beneficial effects on airway resistance and compliance
have been noted when propofol is used as an induction agent
in patients with preexisting airway hyper reactivity. When
comparing the effects of anesthetic induction with equipotent
doses of propofol, etomidate, or thiopental in 77 adults, respi-
ratory resistance was lower after propofol when compared to
either thiopental or etomidate [67]. Pizov et al. randomized
a cohort of asthmatic and non-asthmatic patients to anes-
thetic induction with thiopental/thiamylal, methohexital, or
propofol, again at equipotent doses. Following endotracheal
intubation, auscultation was performed to evaluate the pres-
ence of wheezing [68]. In asthmatic patients, the incidence
of wheezing was 45 % with thiopental/thiamylal, 26 % with
methohexital, and 0 % with propofol. Propofol’s beneficial
effects on airway reactivity are further supported by animal
studies which show attenuation of carbachol-induced airway
constriction in canine tracheal smooth muscle and prevention
of reflex bronchoconstriction to several known provocative
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agents in isolated guinea pig trachea smooth muscle [69, 70].
In both an animal model and a human study, these beneficial
effects were present only with the propofol solution that has
EDTA as the preservative (Diprivan®) and not the formula-
tion containing sodium metabisulphite [71, 72].

Like the barbiturates and etomidate, propofol decreases
the cerebral metabolic rate (CMRO,) leading to reflex cere-
bral vasoconstriction thereby decreasing CBF, CBV and
intracranial pressure (ICP) [73]. Several animal studies have
confirmed the potential beneficial effects of propofol on
cerebral vascular and metabolic dynamics [74, 75]. However,
the beneficial effects can be offset by significant hemody-
namic effects. There are conflicting results in regards to the
effects of propofol on ICP from studies in humans. Although
ICP is decreased in the majority of the studies, propofol’s
lowering of MAP may result in a decrease of the cerebral
perfusion pressure (CPP) with reflex cerebral vasodilation to
maintain CBF and a secondary increase of ICP [76-79].
However, if MAP is maintained at baseline with vasoactive
agents, propofol may lower ICP and thus increase CPP [80].
As with other agents such as the barbiturates which lower the
CMRO,, propofol has a protective effect in various animal
models of hypoxia-ischemia injury [8§1-83].

Various neurological manifestations have been reported
with the administration of propofol including opisthotonic
posturing, myoclonic movements (especially in children),
and movements that may resemble seizure activity [84—86].
Myoclonus, opisthotonic posturing, and other movements
with propofol may be due to propofol’s antagonism at
glycine receptors in the subcortical region. To date, there is
no formal evidence linking propofol with seizures. In a study
evaluating the effects of propofol and thiopental on the sur-
face electroencephalograms of 20 patients undergoing tem-
poral lobe surgery, there was no difference between the two
groups in the rate of discharge or extension of the irritable
zone [87]. Propofol remains an effective agent for the termi-
nation of refractory status epilepticus and remains in various
published algorithms regarding recommendations for its
treatment [88, 89].

As propofol is delivered in a lipid emulsion, there may be
allergic reactions, pain on injection, elevated triglyceride
levels, or hypercapnia with prolonged infusions [90, 91]. A
propofol infusion of 2 mg/kg/h provides approximately
0.5 g/kg/day of fat and should be taken into consideration
when deciding on parenteral nutrition in the ICU setting.
Although it was previously thought that cross-reactivity may
occur in patients with allergies to egg, egg products, soy
beans, or soy products, the validity of this concern has
recently been questioned [92].

Pain with the injection of propofol remains a significant
complaint especially when injected into the small veins on
the dorsum of the hands or feet. Variable success in decreas-
ing the incidence of pain has been reported with various
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maneuvers such as the pre-administration of lidocaine, mix-
ing the lidocaine and propofol in a single solution, mixing
the propofol with thiopental, diluting the concentration of
the propofol, cooling it prior to bolus administration, or the
administration of a small dose of ketamine prior to the
administration of the propofol [93-97]. One final issue with
present with the lipid component of propofol is its potential
to serve as a viable growth media for bacteria with reports of
bacteremia and postoperative wound infections linked to
extrinsically contaminated propofol [98, 99]. Various preser-
vatives are used in different currently available propofol
solutions including disodium EDTA, benzyl alcohol, or
sodium metabisulfite. In clinical practice, there may be clini-
cally significant differences in these preparations including
differential effects on airway reactivity (see above), the com-
patibility of various medications with the different prepara-
tions, and the potency of each preparation. Although a
retrospective analysis of dose requirements during sedation
for MRI demonstrated a decreased potency of the sodium
metabisulfite propofol solution when compared to the EDTA
solution, other investigators noted no difference in the car-
diovascular or hypnotic effects of the two solutions using
bispectral index monitoring [45, 100]. A theoretical disad-
vantage of disodium EDTA is the chelation and depletion
from the body of essential trace minerals such as zinc.
Although there are no formal studies demonstrating this as a
problem, concerns related to this issue are outlined in the
manufacturer’s package insert.

Despite its potential benefits in the ICU setting and its
efficacy as an infusion for providing sedation during mechan-
ical ventilation, the routine use of propofol infusions is not
recommended and in fact, is considered contraindicated by
many authorities because of the potential for propofol infu-
sion syndrome [101-104]. Subsequent to the initial reports
and the review of Bray et al., the syndrome has been reported
in older patients including a 17 year old adolescent and
adults [105-107]. In a guinea pig cardiac myocyte prepara-
tion, propofol has been shown to disrupt mitochondrial func-
tion [108]. Biochemical analysis of two patients who
developed propofol infusion syndrome have demonstrated
an increase in intermediaries of fatty acid metabolism (acyl-
carnitine) suggesting impairment of mitochondrial function
and the respiratory chain as the biochemical basis of the syn-
drome [109, 110]. In specific clinical scenarios, propofol
infusions are still a needed therapeutic tool in the treatment
of refractory status epilepticus, status asthmaticus, or
increased ICP. In such cases, intermittent analysis of acid-
base status and creatinine phosphokinase is suggested. If a
base deficit is noted with an increasing serum lactate, imme-
diate discontinuation of the propofol is recommended.
Additionally, the short term administration of propofol
(6-12 h) is still utilized in many centers to transition from
other agents such as fentanyl and midazolam to allow for
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more rapid awakening for extubation of the trachea. Short
term propofol infusions may also have a role in the arena of
procedural sedation as a means of providing sedation during
non-painful invasive procedures such as radiologic imaging.
Given its lack of analgesic effects, additional analgesic
agents may be required when invasive procedures are per-
formed. Although rare, when such procedures are long, con-
cern has also been expressed regarding the potential
development of the propofol infusion syndrome [111].

Ketamine

Ketamine, a synthetic derivative of phencyclidine (PCP), was
first used in humans in 1965 by Domino and colleagues [112].
Ketamine is unique among the intravenous anesthetic agents
as it has coexistent potent analgesic and amnestic qualities.
As patients frequently keep their eyes open and yet are unre-
sponsive to painful stimuli, the term dissociative anesthesia is
often used to describe this state of amnesia and analgesia.
Ketamine’s sedative, analgesic, and amnestic properties are
mediated through agonism of opioid receptors and antago-
nism of NMDA receptors. Ketamine contains a chiral carbon
in its structure and the preparation most commonly used in
clinical practice is a racemic mixture of the two optical iso-
mers [S(+) and R(-)]. In the United Kingdom and Europe the
enantiomer, S(+) ketamine, is available. Although conflicting
data are present, some clinical trials have suggested that the
S(+) enantiomer provides effective analgesia and sedation
while limiting adverse effects including emergence phenom-
ena. Metabolism of ketamine occurs primarily by hepatic
N-demethylation to norketamine. The latter compound retains
approximately 30-40 % of the analgesic and sedative proper-
ties of the parent compound. Higher concentrations of norket-
amine are produced with oral versus intravenous administration
thereby suggesting that norketamine plays a more significant
role in the clinical effect with the oral versus the intravenous
route. Given its dependence on hepatic metabolism, doses
should be adjusted in patients with hepatic dysfunction. Dose
adjustments may also be required in patients with significant
renal dysfunction since norketamine elimination is dependent
on renal clearance. Because ketamine is highly lipophilic its
volume of distribution is quite high, and thus with a single
bolus dose, it exhibits a relatively rapid redistribution.
Beneficial properties of ketamine include preservation of
cardiovascular function and limited depression of respiratory
mechanics with maintenance of central control of respira-
tion. These properties make it an effective and popular agent
in the arena of procedural sedation during painful, invasive
procedures in the spontaneously breathing patient [113].
Ketamine generally increases heart rate and blood pressure
as well as provides bronchodilatation due to the release of
endogenous catecholamines [114]. Although the indirect
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sympathomimetic effects from endogenous catecholamine
release generally overshadow ketamine’s direct negative ino-
tropic properties, maintaining blood pressure and heart rate,
hypotension and even cardiovascular collapse may occur in
patients with diminished myocardial contractility or in those
with chronic illnesses who have depleted their endogenous
catecholamine stores [115, 116].

Given its effects at the opioid and NMDA receptors, there
is growing interest in the use of ketamine for the manage-
ment of acute pain especially during the postoperative period.
Following major surgery, when it is co-administered in low
doses during morphine analgesia, ketamine reduces postop-
erative opioid consumption and lowers opioid-related
adverse effects [117-120]. As NMDA receptor stimulation
may be one factor resulting in the development of tolerance
to opioid-induced sedation and analgesia, there is interest in
the potential benefits of using a low dose ketamine infusion
to delay tolerance during prolonged ICU infusions of seda-
tives. However, the preliminary clinical data have failed to
demonstrate its efficacy in this regard [121].

Ketamine has have minimal effects on various respiratory
parameters including functional residual capacity, minute
ventilation, and tidal volume [122, 123]. The release of
endogenous catecholamines generally results in improved
pulmonary compliance, decreased resistance, and prevention
of bronchospasm [124]. Despite the fact that minute ventila-
tion is generally maintained, hypercarbia with a rightward
shift of the CO, response curve may occur [125]. Although
generally effective in allowing maintenance of protective air-
way reflexes and spontaneous ventilation, ketamine can
result in loss of protective airway reflexes, gastric aspiration,
and apnea especially when co-administered with opioids
[126, 127].

Alternative, non intravenous routes of delivery, have been
reported with ketamine including oral and transmucosal
(nasal, rectal) administration [128-130]. These alternative
routes of delivery have been used for one time dosing of the
agent for sedation during a procedure or as a premedicant to
anesthetic induction. Additionally, ketamine is occasionally
administered via the IM route in uncooperative patients
without venous access.

The adverse effect of ketamine that tends to attract the
most attention is its potential to cause emergence phenomena
or hallucinations. Because of these concerns, clinical prac-
tice generally includes the co-administration of a benzodi-
azepine, or GABA agonist of some kind, along with or prior
to the administration of ketamine. The single enantiomer
form, S(+) ketamine, has been released outside of the United
States for clinical use. The initial clinical trials have demon-
strated that S(+) ketamine is twice as potent as the racemic
formulation and that it may offer the clinical advantages of
fewer psychomimetic effects, less salivation, and a shorter
recovery time [131].
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An issue of potential concern and ongoing controversy
regarding ketamine is its effects on pulmonary vascular
resistance (PVR) [132-135]. Many of these studies were
performed without full respiratory support and changes in
PaCO, may have impacted PVR. More recently, Williams
et al. evaluated the effects of ketamine on PVR during sevo-
flurane anesthesia (0.5 MAC) with controlled ventilation in
15 infants and children with pulmonary hypertension [136].
There were no changes in mean systemic arterial pressure,
systemic vascular resistance index, mean pulmonary artery
pressure, pulmonary vascular resistance index, cardiac index,
and PaCQ,. The safety of ketamine in patients with congeni-
tal heart disease is further evidenced by experience with its
use during spontaneous ventilation for sedation during pedi-
atric cardiac catheterization with less hypotension than pro-
pofol [137, 138].

An additional area of controversy surrounds ketamine
regarding its effect on intracranial pressure (ICP). These
effects may be indirect, secondary to changes in PaCO, or
the result of a direct effect on the cerebral vasculature.
Clinical work from the 1970s reported that ketamine
increased ICP thereby suggesting that it was contraindicated
in patients with altered intracranial compliance [139, 140].
These clinical studies were supported by animal investiga-
tions demonstrating that the alterations in ICP resulted from
direct cerebral vasodilatation, mediated through central cho-
linergic receptors [141, 142]. However, more recent data
from both animal and human studies have shown no change
or even a decrease in ICP following the administration of
ketamine [143-148]. In CPP in adult patients anesthetized
with isoflurane and nitrous oxide [148].

A final controversial issue related to the CNS effects of
ketamine is its use in patients with an underlying seizure dis-
order. EEG recordings in children and laboratory animals
during ketamine administration have demonstrated increased
frequency and amplitude of the waveforms of the EEG with
occasional paroxysmal seizure activity [149, 150]. However,
no clinical evidence of seizure activity has been reported
with ketamine administration. Studies in laboratory animals
have demonstrated the anticonvulsant effects of ketamine
and there is at least one clinical report as well as animal data
describing its use for the treatment of refractory status epi-
lepticus [151-153].

Etomidate

Etomidate is an intravenous anesthetic agent that was intro-
duced into clinical practice in 1972. Like the barbiturates and
propofol, it exerts its primary effects of sedation and amnesia
through the GABA system. Etomidate is the only intrave-
nous anesthetic agent that is supplied clinically as a single
enantiomer as only the R(+) form has clinical effects. It is
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supplied in a 2 mg/mL with propylene glycol (35 % by vol-
ume) as the diluent. The solution has a pH of 6.9 and an
osmolality of 4640 mOsm/L. Although not available in the
United States, a novel preparation in a lipid formulation
(Etomidate-Lipuro®) may limit pain on injection as it does
not contain propylene glycol. Following intravenous admin-
istration, loss of consciousness is rapid (15-20 s, or one
“arm-brain” circulation time). The duration of the clinical
effect following a single bolus dose is related to redistribu-
tion rather than metabolism and clearance. Etomidate under-
goes hepatic metabolism with an elimination half-life
varying from 2.9 to 5.3 h [154]. Beneficial CNS effects
include a decrease of the CMRO,, CBF, and ICP. Cerebral
perfusion pressure (CPP) is maintained because of minimal
effects on myocardial function and MAP [155].

Like the barbiturates and propofol, etomidate results in a
dose-dependant depressant effect on respiratory function and
can result in apnea depending on the dose used, concomitant
use of other respiratory depressant medications, and the
patient’s underlying status [156]. Although both methohexital
and etomidate decrease the slope of the CO, response curve,
the effect has been shown to be more pronounced with metho-
hexital [157]. With methohexital, minute ventilation at an
end-tidal CO, of 50 mmHg decreased from 14.6 to 4.31/min
while it increased from 17.9 to 31.6 /min with etomidate
(p<0.05). The increase in minute ventilation with etomidate
resulted from an increase in respiratory rate without a change
in tidal volume. Despite this relative sparing of respiratory
function, an increased incidence of apnea has been reported
following etomidate in patients pretreated with either opioids
or benzodiazepines [158, 159].

Etomidate’s place as an agent for the induction of anes-
thesia and for procedural sedation results from its negligible
effects on myocardial function and intracerebral dynamics
even in patients with significant alterations in myocardial
function [160]. Despite its lowering of CBF and ICP, induc-
tion or sedative doses of etomidate can produce increased
electroencephalogram (EEG) activity and epileptic-like EEG
potentials in patients with underlying seizure disorders
[161-164]. Myoclonic movements are also a frequently
observed following the rapid intravenous administration of
etomidate [165]. Although these movements may simulate
or appear to be tonic-clonic seizure activity, no epileptiform
discharges are noted. It has been suggested that the myo-
clonic movements are of spinal origin resulting from disinhi-
bition of inhibitory neuronal pathways. Pretreatment with
fentanyl, benzodiazepines, or a small dose of etomidate has
been shown to be effective in decreasing the incidence of
myoclonus. A trial of etomidate for sedation during comput-
erized tomography was discontinued due to an unacceptably
high incidence of involuntary motor movements preventing
completion of the scan [166].
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Although a relatively large clinical experience exists in
the adult population, there are limited data regarding the use
of etomidate in pediatric-aged patients [167]. Much of the
data are anecdotal from case reports or small series demon-
strating its safety even in infants and children with depressed
myocardial function [168, 169]. Despite the relatively lim-
ited clinical data regarding its use in infants and children,
recent reviews continue to suggest its safe use as a single
bolus dose for critically ill pediatric patients requiring endo-
tracheal intubation [170].

The most significant concern with etomidate and the fac-
tor limiting its long-term administration in the ICU setting is
its effects on the endogenous production of corticosteroids.
This effect was identified when an increased risk of mortality
was noted in adult ICU patients who were sedated with a
continuous infusion of etomidate [171]. Etomidate inhibits
the enzyme 11-P hydroxylase which is necessary for the pro-
duction of cortisol, aldosterone, and corticosterone. At pres-
ent, significant controversy surrounds the clinical significance
of the adrenal suppression following a single induction dose
of etomidate with some authors calling for the abandonment
or at least a re-evaluation of the use of etomidate [172-174].
The duration of the adrenal suppression produced by a single
induction dose of etomidate has varied from study to study
with some reports demonstrating suppression for days after a
single induction dose [175-178]. In a cohort of 40 critically
ill adult patients, the incidence of adrenal insufficiency,
defined as a failure of the serum cortisol level to increase by
9 pg/dL after a 250 pg ACTH stimulation test, following a
single dose of etomidate was 80 % at 12 h, 9 % at 48 h, and
7 % at 72 h [178]. Despite these findings, no difference in
outcome was reported while other studies have demonstrated
an improved clinical course with decreased vasopressor ther-
apy when etomidate was used for sedation during endotra-
cheal intubation [179]. Perhaps the most compelling data
against the use of etomidate, at least in patients with possible
sepsis, comes from the CORTICUS trial [180]. Although the
trail was not powered for outcomes analysis, a post hoc anal-
ysis revealed that patients who had received etomidate had a
significantly higher mortality rate. Clinical practice guide-
lines for the treatment of septic shock in pediatric and neona-
tal patients from the American College of Critical Care
Medicine state that: “Etomidate is popular as an induction
agent because it maintains cardiovascular stability through
blockade of the vascular K + channel; however, even one
dose used for intubation is independently associated with
increased mortality in both children and adults with septic
shock, possibly secondary to inhibition of adrenal corticoste-
roid biosynthesis. Therefore, it is not recommended for this
purpose.” Only one member of the task force supported the
use of etomidate in pediatric septic shock with the caveat that
stress dose hydrocortisone be administered” [181]. Despite
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these concerns, etomidate has yet to be abandoned in criti-
cally ill patients and may still play a role as an effective agent
to provide sedation and amnesia during endotracheal intuba-
tion in critically ill pediatric patients given its beneficial
effects on CNS dynamics and myocardial function [182].
The lack of cardiovascular effects with etomidate makes it
particularly valuable in patients who may not tolerate a
decrease in systemic vascular resistance or myocardial con-
tractility. Given its effects on cerebral dynamics, it also
should be considered for patients with increased ICP with or
without associated myocardial dysfunction. However, until
further data are available, its use in patients with potential
sepsis is not recommended.

Benzodiazepines

Since the synthesis of diazepam in 1959, multiple different
benzodiazepines have been synthesized. Various investiga-
tors have pursued more potent and more water-soluble forms
that achieve similar results. In 1976, these initiatives yielded
midazolam, the first water-soluble benzodiazepine to be used
in clinical practice. These agents produce amnesia, anxioly-
sis, and sedation through their effects on the inhibitory neu-
rotransmitter, y-aminobutyricacid (GABA). Benzodiazepines
bind to the a-subunit of the GABA receptor thereby facilitat-
ing binding of the GABA molecule to the f-subunit.
Benzodiazepines in common clinical use in the United States
for sedation in the PICU include midazolam and lorazepam.
Diazepam was formerly a commonly used agent for sedation
in both the pediatric and adult intensive care units as its high
lipid solubility results in a rapid onset of action, but its low
water solubility requires administration in a solution of pro-
pylene glycol. Diazepam is also commercially available in a
lipid formulation which alleviates the discomfort with the
intravenous administration of the propylene glycol prepara-
tion [183, 184]. Diazepam has fallen out of favor as an agent
for sedation in the PICU setting because of its prolonged
duration of action related to its metabolism to active com-
pounds including oxazepam and N-desmethyldiazepam.
These active metabolites have elimination half-lives that far
exceed the parent compound.

Midazolam is an imidazole-benzodiazepine with a rapid
onset of action and a short elimination half-life [185]. Given
its rapid onset and water solubility with limited pain on
injection, midazolam has found a role for both procedural
sedation when administered by intermittent bolus dosing as
well as for sedation during mechanical ventilation when used
as a continuous infusion except for brief procedures. Clinical
experience and years of its use have demonstrated the effi-
cacy of continuous midazolam infusions for sedation in the
PICU patient in doses ranging from 0.05 to 0.2 mg/kg/h
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[186—189]. The availability of midazolam in generic form
makes it a cost effective form of sedation in both the PICU
setting and arena of procedural sedation.

Although typically administered intravenously in the
PICU patient, midazolam remains unique among other
agents used in the PICU setting in that alternative, non-
intravenous routes of delivery have been used clinically
including oral, rectal, transmucosal (nasal, rectal) and subcu-
taneous administration [190-193]. The oral, rectal, and
transmucosal routes are generally used as a route for its
administration as a premedicant prior to anesthetic induction
in patients without intravenous access while subcutaneous
administration has been used with a slow weaning protocol
to prevent withdrawal followed prolonged administration
[194]. Except for subcutaneous administration, increased
doses are required when dosed via alternate routes due to
decreased bioavailability.

In many centers, oral midazolam is currently the preferred
agent as a premedicant in the operating room with doses
ranging from 0.25 up to 0.7 mg/kg. The primary disadvan-
tage of oral administration is a bitter taste when the I'V prepa-
ration (5 mg/ml) is used which contains the preservative,
benzyl alcohol. Because the taste is frequently masked by
mixing the drug with flavored solutions or other medications,
concern has been raised regarding the potential for the altera-
tion of the absorption characteristics of midazolam.
Midazolam normally exists with its two structures, an open
and closed ring, in equilibrium. The latter is lipophilic and
therefore is physiologically active. The proportion of each
ring form in solution is pH dependent. With a lower pH,
there is more of the open ring configuration. A commercially
available preparation of midazolam in a cherry-flavored
solution for oral administration is available. Because of the
controlled pH during manufacturing, the preparation results
in effective sedation with lower doses compared to use of the
IV preparation [195]. Additional non-parenteral administra-
tion routes include intranasal and sublingual administration
with doses ranging between 0.2 and 0.4 mg/kg. Onset tends
to be more rapid when compared to the oral route although
the patient may experience a burning sensation as the preser-
vative, benzyl alcohol, may irritate the nasal mucosa.

Midazolam is metabolized by the hepatic P45, enzyme
system to the major hydroxylated metabolite, 1-OH mid-
azolam. 1-OH midazolam (hydroxymidazolam) has a
potency of approximately 20-30 % of the parent com-
pound and is excreted renally. Midazolam undergoes fur-
ther hepatic metabolism via the glucuronyl transferase
system to 1-OH midazolam-glucuronide which is dependent
on renal excretion. In the presence of renal insufficiency,
1-OH midazolam-glucuronide accumulates potentiat-
ing the effects of midazolam [196]. Several factors which
include age and underlying illness may also alter midazolam
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pharmacokinetics. Because metabolism is dependent on the
hepatic P,s, system, clearance changes from infancy to adult
age and with alterations in hepatic function [197, 198]. The
critically ill may represent another population where there is
prolonged clearance of midazolam [199, 200].

Lorazepam is another water soluble benzodiazepine
metabolized by glucuronyl transferase with pharmacologi-
cally inactive metabolites. Medications known to alter the
P4so system do not alter lorazepam’s pharmacokinetics. In
advanced liver disease, phase II reactions (glucuronyl trans-
ferase) are better preserved than phase I reactions (Pysy sys-
tem), thus the pharmacokinetics of lorazepam remain
unchanged. Although the Society of Critical Care Medicine
guidelines for sedation of adult patients in the ICU setting
has recommended lorazepam as the preferred sedative [201],
there are fewer reports regarding the use of lorazepam for
sedation in the both the pediatric and adult ICU population
[202, 203]. Enteral lorazepam has been used to decrease
intravenous midazolam requirements during mechanical
ventilation in infants and children with a significant reduc-
tion in midazolam requirements on the first day and a discon-
tinue of the midazolam infusion in 80 % of the patients by
day 3 [204]. Enteral lorazepam has also been successfully
used treating and preventing withdrawal following prolonged
administration of intravenous benzodiazepines during
mechanical ventilation in the PICU population [205].

Intravenous lorazepam solution contains propylene gly-
col. With prolonged or high-dose intravenous administration
issues may arise related to propylene glycol [206-208].
Propylene glycol toxicity presents as a metabolic (lactic) aci-
dosis, renal failure or insufficiency, mental status changes,
hemolysis, and an elevated osmolar gap. Propylene glycol is
metabolized in the liver to lactic acid and pyruvic acid, which
accounts for some of the lactic acidosis. Propylene glycol is
also excreted unchanged in the urine making toxicity more
likely in the presence of renal insufficiency. Periodic calcula-
tion of the osmolar gap (measured osmolarity minus calcu-
lated serum osmolarity) may be indicated during high dose
or prolonged lorazepam infusions. An increasing osmolar
gap has been shown to be predictive of increasing serum pro-
pylene glycol levels [208]. The osmolar gap is used as a sur-
rogate for actual plasma propylene glycol concentrations
although this can be measured by reference laboratories. As
neonates and especially preterm infants are unable to handle
propylene glycol due to hepatic and renal immaturity, con-
tinuous infusions of lorazepam are not recommended in this
population.

Conclusion

In the operating room, the intensive care unit, and the
arena of procedural sedation, various agents are used to
provide sedation and analgesia. Depending on the type of
procedure, varying depths of sedation through general
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anesthesia may be required. The agents used for the
induction and maintenance of sedation and general anes-
thesia are broadly classified into either inhalational (vola-
tile) or intravenous agents. The choice of the class of
agent and the specific drug is broadly based on the
patient’s physical status and underlying co-morbid condi-
tions, and the clinical scenario. Recent advances in phar-
macology and new pharmacokinetic data with older
agents continues to provide use with a greater choice of
agents and a better understanding of how to use these
agents in our practice. In addition to their use in the oper-
ating room for the provision of general anesthesia, many
of these agents are used outside of the operating for either
their sedative properties or even occasionally for their
therapeutic effects. Examples of this include propofol for
procedural sedation, pentobarbital to control intracranial
pressure (ICP) or isoflurane for the treatment of status
asthmaticus. Despite the relative safety of these agents,
they all should be used only with appropriate monitoring
of the patient’s physiologic status and attention to guide-
lines for procedural sedation from various licensing
boards and organizations. We must also recognize lesions
learned from drugs like halothane, etomidate and propo-
fol. Ongoing vigilance is necessary to identify previously
unrecognized adverse effects. With these caveats in mind,
these agents can provide the much needed sedation and
anxiolysis in the critically ill pediatric patient.
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Abstract

Various factors may be responsible for pain and anxiety in Pediatric Intensive Care Unit
(PICU). As such, there may be a need for analgesia and sedation during the course of ther-
apy. Pain may result from the presence of an endotracheal tube and ongoing mechanical
ventilation, an underlying medical illness, a surgical procedure, trauma, or the various inva-
sive procedures that are required as part of the daily care in the PICU. Although non-
pharmacologic measures including age-appropriate communication, reassurance, parental
presence, and psychological interventions may decrease the impact of these factors, phar-
macologic intervention is frequently necessary. The following chapter reviews the key deci-
sion points when providing sedation and analgesia in the PICU including choice of
medication as well as the route and mode of administration. Although benzodiazepines and
opioids remain the primary agents used, specific scenarios may require alternative choices.
Agents discussed include the inhalational anesthetic agents, benzodiazepines, etomidate,
ketamine, propofol barbiturates, opioids, phenothiazines and butyrophenones, o,-adrenergic
agonists (dexmedetomidine), and chloral hydrate. Regardless the agent chosen, given the
frequent presence of co-morbid conditions, adverse effects on physiologic function may
occur with the use of sedative and analgesic agents.
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Introduction

Admission to and the subsequent care required in the
Pediatric Intensive Care Unit (PICU) can be a frightening
and painful experience to infants and children of all ages.
Pain and its deleterious physiologic effects may be the result
of an underlying medical illness, a surgical procedure,
trauma, or the various invasive procedures that are required
as part of the daily care in the PICU. These invasive proce-
dures may include burn dressing changes, the placement of
intravascular catheters, or the mere presence of an endotra-
cheal tube (ETT) for mechanical ventilation. The latter con-
tinues to represent the most frequent need for sedation and
analgesia during the PICU course. The pain caused by an
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ETT for the provision of mechanical ventilation can be sig-
nificant in that it has been shown that 26.3 % of adults
remembered mechanical ventilation and approximately 25 %
would have chosen not to receive mechanical ventilation had
it been any more painful [1]. In addition to physical pain,
emotional pain can result from separation from parents and
loved ones, disruption of the day-night cycle, unfamiliar
people, the incessant noise of machines and monitoring
devices that are present in the PICU, fear of death, and loss
of self-control. Although non-pharmacologic measures
including age-appropriate communication, reassurance,
parental presence, and psychological interventions may
decrease the impact of these factors, pharmacologic inter-
vention is frequently necessary.

Prior to instituting pharmacologic control of pain or anxi-
ety, a thorough evaluation of the patient and preparation of
the environment is necessary (Table 3.1). Such preparation
and the institution of ongoing monitoring of the patient’s
physiologic function is paramount in minimizing the poten-
tial adverse physiologic effects which may occur when seda-
tive or analgesic agents are administered. This preparation
ensures that the appropriate equipment and personnel are
available to immediately intervene if such adverse effects
occur. Additionally, before sedation and analgesia are pro-
vided or escalated, treatable and potentially life-threatening
causes of agitation must be identified. These may include
hypoxemia, hypercarbia, cerebral hypoperfusion, necrotic
bowel, or compartment syndrome. Any time that sedation
and analgesic agents are administered, adverse effects on
physiologic functions may occur. Given such issues, specific
guidelines for the preparation and monitoring of patients
during the provision of sedation have been published by
national organizations including the American Academy of
Pediatrics and the American Society of Anesthesiologists
[2—4]. Although the PICU provides the optimal environment
for the monitoring of a patient’s physiologic function, ongo-
ing monitoring should be continued when patients are trans-
ported out of the PICU for various diagnostic or therapeutic
procedures. The potential impact of inadequate monitoring
on morbidity and mortality during sedation has been clearly
demonstrated [5, 6].

To date, there is a limited amount of evidence-based
medicine available to provide information for the devel-
opment of guidelines for the use of sedative and analgesic
agents in the PICU setting. Although generally extensively
studied in the adult population, many of the pharmacologic
agents used in the PICU setting have not been adequately
evaluated in children, with limited information regarding the
pharmacokinetic and pharmacodynamic properties of anal-
gesic and sedative drugs in critically ill infants and children
[7-10]. Pharmacokinetic studies are generally performed in
healthy adult volunteers or postoperative patients and then
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Table 3.1 Preparation for sedation in the Pediatric ICU patient

1. Rule out treatable causes of agitation:
Hypoxia
Hypercarbia
Cerebral hypoperfusion
Bladder distention
Necrotic bowel
Compartment syndrome

2. Identify the etiology of the distress to guide the choice of the
agent or agents as well as the need to provide sedation, anxiolysis,
amnesia, analgesia or some combination of the above

3. Monitor patient in accordance with the standards outlined by the
American Academy of Pediatrics for procedural sedation and
analgesia

4. Titrate the initial bolus dose of the medication and subsequent
infusion rates based on the patient’s clinical response

5. Use formalized sedation and pain scales or scoring systems

6. Observe for adverse physiologic effects. In particular, changes
in respiratory or hemodynamic function

7. Monitor the patient for the development of physical tolerance
which may necessitate increasing the dose or switching to another
agent that acts through a different receptor system

8. When the need for sedation or analgesia is over, identify at risk
patients for withdrawal and treat appropriately to prevent
withdrawal. Monitor the patient for withdrawal using standardized
scoring systems

extrapolated to the critical care population. There is likely
to be significant differences in end-organ function, cardio-
respiratory stability, volume of distribution, and metabolic
processes in the PICU patient. Alterations in the pharmaco-
dynamics may also result from drug-drug interactions, end-
organ (hepatic, renal) failure or dysfunction, malnutrition,
and low plasma proteins with altered drug binding. This may
be further complicated by alterations in uptake of the medi-
cation if non-intravenous routes are used, variations in drug
distribution (due to changes in cardiac output), and differ-
ences in the volume of distribution. Pharmacogenetic factors
may also affect responses to medications. There are genetic
differences that affect the response to and the metabolism
of the sedative and analgesic agents. These pharmacogenetic
effects extend far beyond simple changes in drug metabolism
to receptor function and central processes affecting sedation
and analgesia [11]. As we have limited means of identify-
ing the impact of factors on the pharmacokinetics and phar-
macodynamics of the medications that are used for sedation
and analgesia in the PICU setting, the effects of these agents
should be continuously evaluated and changes made to titrate
the dose based on the patient’s response [12].

Therefore, it is not feasible to approach the provision of
sedation and analgesia in the PICU patient using a “cook-
book” approach with specific guidelines concerning the
medications to be used and their doses. Although starting
doses may be based on empiric guidelines and initiated based
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on the patient’s weight, sedative and analgesic agents should
be titrated up and down according to the patient’s needs and
the desired level of sedation. The dosing recommendations
provided in this chapter for the specific medications dis-
cussed are intended as guidelines for starting doses. In many
centers, this incremental increase or decrease in the amount
of medication administered is now based on the use of for-
mal sedation scores which are assigned along with the
nurse’s assessment of the patient’s vital signs (see below for
a discussion of the assessment of the depth of sedation). The
use of such parameters may provide a more effective means
of titrating the level of sedation than the adjustment of dos-
ing without formal sedation assessment [13].

Agent, Route, and Mode of Administration

There remains three primary decision points for sedation and
analgesia in the PICU patient including: (1) the agent, (2) the
route of administration, and (3) the mode of administration.
Identifying the cause or anticipated cause of the distress can
be used to guide the selection of the agent. Tissue injury or
the presence of pain requires the use of agents with analgesic
effects while emotional distress and anxiety may be more
appropriately treated with agents that possess sedative or
anxiolytic properties. As there are a limited number of agents
that possess both sedative and analgesic effects, a combina-
tion of sedative and analgesic agents may be used. Another
factor to consider when choosing the agent is the length of
time during which sedation or analgesia is required. This
may be extremely variable involving less than 5 min for an
invasive procedure, 1-2 h during an MRI scan, or days to
weeks in a patient requiring prolonged mechanical ventila-
tion or extracorporeal support.

The second decision point regarding sedative and anal-
gesics is the route of administration. Although the intrave-
nous route is used in most clinical scenarios, alternative,
non-intravenous routes may become necessary in specific
circumstances. In the PICU setting, there is expanding
knowledge regarding the use of alternative routes of deliv-
ery (inhalational anesthesia or subcutaneous administration).
The subcutaneous or inhalational route may be chosen as the
primary route or used as an alternative when drug incompat-
ibilities preclude intravenous administration or in patients
with limited intravenous access. However, alternative routes
of delivery are not available for all medications (Table 3.2).
Chloral hydrate may be administered by the oral or rectal
route, isoflurane requires inhalation administration, while
propofol can only be administered by the intravenous route.
Midazolam and ketamine offer the greatest variety of route
of administration with reports of intravenous, intramuscular,
subcutaneous, oral, nasal, and sublingual administration.

33

Table 3.2 Routes of delivery for sedative-analgesic agents

Intravenous
Intramuscular
Subcutaneous
Oral
Transmucosal:
Buccal
Nasal
Rectal
Sublingual
Transdermal
Inhalation

Table 3.3 Agents for pediatric ICU sedation and analgesia

Inhalational anesthetic agents
Benzodiazepines

Opioids

Phenothiazines
Butyrophenones
Anti-histamines

Chloral hydrate

Etomidate

Ketamine

Barbiturates

Propofol

Alpha, adrenergic agonists

The third of the three primary decision points is the mode
of administration which includes continuous administration,
intermittent dosing, or patient-controlled techniques. When
there is an ongoing need for sedation such as the patient
requiring mechanical ventilation, longer acting agents (loraz-
epam, pentobarbital, morphine) may be used by intermittent,
bolus administration and still provide an effective baseline
level of sedation. Short-acting agents (midazolam, fentanyl)
are generally best administered by a continuous infusion to
maintain a steady state serum concentration. An alternative
mode, used most commonly in the treatment of acute pain is
a patient activated device otherwise known as patient-
controlled analgesia (PCA).

The agents available for sedation are listed in Table 3.3. In
the course of this chapter, a brief discussion will be provided
of each agent, its potential advantage and disadvantages, and
reports of its use in the PICU setting. As no single agent will
be effective in every patient, basic knowledge regarding the
various agents will allow the healthcare provider to switch
from one agent to another when the first line drug is either
ineffective or associated with adverse effects which requires
its discontinuation. Before embarking on the discussion of
the agents available and their uses, a review of the methods
available to judge the depth of sedation will be provided.
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Assessing the Depth of Sedation

During the use of sedative and analgesic agents, the repeated
evaluation of the depth of sedation should be incorporated
into the PICU routine. Titration of doses can then be indi-
vidualized, based on the patient’s response. Given the sig-
nificant variability between patients regarding the amount of
sedative agents required, this practice allows an ongoing
assessment of the patient and adjustment of the infusion rates
based on their responses. Over the past few years, there has
been a gradual move from the use of subjective measures and
assessments made by physicians to the use of formal pain or
sedation scoring systems. These are monitored at regular
intervals by the nursing staff along with the recording of
physiologic vital signs. In many centers, an assessment of
pain and sedation is considered the fifth vital sign.

Given its relative novelty to the PICU setting, there is no
gold standard for assessing the depth of sedation. The ideal
tool needs to be simple to perform as well as easy to repeat
and interpret with clear definitions for over and under-
sedation. Many tools are adapted from intraoperative anes-
thetic care and therefore put significant emphasis on changes
in hemodynamic variables. In children, significant swings in
physiologic response may be caused by subtle stimuli such
as separation anxiety, the underlying disease pathology and
the various pharmacological agents that are administered.
This makes monitoring and assessing sedation in the PICU a
particularly challenging task.

The most commonly used PICU sedation scores evaluate
physiologic variables, an objective assessment of the
patient’s depth of sedation, or a combination of the two. One
commonly used scale, the COMFORT score, combines a
patient’s response or movement with physiologic parameters
[14]. The score includes the measurement of alertness, respi-
ration, blood pressure, muscle tone, agitation, movement,
heart rate, and facial tension. This scoring system has been
designed to measure stress in the critically ill requiring
mechanical ventilation. It has been validated in the pediatric-
aged patient and may have utility in providing cutoff scores
for implementation in guidelines [14—16]. The COMFORT
score cannot be used if patients are receiving neuromuscular
blockade and some have criticized it for being too laborious
to calculate [17]. Because of these concerns, Ista et al. have
attempted to address these concerns by modifying the origi-
nal COMFORT score [18]. The investigators coined the
phrase “COMFORT-B score”, eliminated the physiologic
variables, and provided new cutoff points for the diagnosis of
oversedation or undersedation.

Other scoring systems to assess the ICU patient have also
eliminated the use of physiologic parameters. Many of these
scales were developed in adult ICU’s, but have also been
used in the PICU patient. The Ramsay sedation scale origi-
nally categorized the patient’s conscious level into six levels.
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This has been subsequently modified to eight levels. Level 1
identifies patients who are awake, anxious and agitated;
while level 8 identifies a deep sedation state in which the
patient is unresponsive to stimuli including painful ones. The
main disadvantage of using this tool in the PICU setting is
that it is a test of arousability. Values are assigned based on
simple observation of the patient in addition to auditory and
tactile stimuli. One of the concerns of the Ramsay scale is
that in differentiating the deeper levels of sedation, a tactile
stimulus (glabellar tap) is used, therefore disturbing an
otherwise comfortable and resting patient. Though simple to
perform, the Ramsay sedation scale has not been validated in
children and cannot be used in deeply sedated or paralyzed
patients. It has been suggested as a useful tool in monitoring
during procedural sedation [19, 20]. The Sedation-Agitation
Scale also eliminates the physiologic parameters and visu-
ally assesses the level of the patient’s comfort, grading it
from 1 (unarousable) to 7 (dangerous agitation such as pull-
ing at the ETT) [21]. The Hartwig score also uses a visual
assessment of the patient, but includes a response to tracheal
suctioning thereby eliminating its use in non-intubated
patients [22].

Scales that assess the response to a tactile stimulus require
disturbing the patient to differentiate between the deeper lev-
els of sedation while the Hartwig scale incorporates a nox-
ious stimulus that is part of the PICU routine in intubated
patients, tracheal suctioning. The major drawback of scales
that evaluate a patient’s response to a stimulus or observe
their behavior is that they are not applicable during the use of
neuromuscular blocking agents. In order to avoid subjective
assessment, tactile stimulation and enable the assessment of
pharmacologically paralyzed patients, monitors have been
developed to evaluate the depth of sedation based on the
analysis of the electroencephalogram (EEG).

Although, there are now several of these “depth of anes-
thesia” monitors available, the one that has seen the greatest
use both in and out of the operating room is the first one
introduced into clinical practice, the Bispectral Index (BIS
monitor, Aspect Medical, Newton, MA). The BIS monitor
uses a programmed algorithm to evaluate and interrogate the
processed EEG pattern. It provides a numeric value ranging
from O (isoelectric) to 100 (awake with eyes open). Its pre-
dominant clinical use has been intraoperatively to monitor
the effects of general anesthetic and sedative agents and pro-
vide a measure of the depth of anesthesia or sedation.
Although a BIS value less than 60-70 has been shown to
correlate with a low probability of intraoperative awareness,
its superiority over other intraoperative monitors such as
end-tidal gas monitor as a means of limiting awareness has
not been proven [23-26].

The BIS monitor has also been used in settings outside of
the operating room including the PICU, where assessment of
sedation 1is critical to interventions such as mechanical
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ventilation or invasive procedures [27-30]. Although the
results have been mixed [16, 17], the majority of reports have
demonstrated a clinically acceptable correlation between the
BIS monitor and commonly used PICU sedation scores such
as the COMFORT score [29, 31, 32]. Although these moni-
tors may not be necessary for the majority of patients receiv-
ing mechanical ventilation; in scenarios where clinical
sedation scales are not applicable such as the patient who is
receiving pharmacologic paralysis, these devices may have
clinical utility. Without titrating sedation using such moni-
tors, it has been shown that children who are receiving neu-
romuscular blocking agents may be excessively sedated [33].
Although there are limited data to show the opposite is a
problem, pharmacologic paralysis without adequate sedation
and amnesia must be recognized and appropriately corrected.
An additional advantage of the depth of anesthesia monitor
is that it provides a continuous numeric readout using a sim-
ple 0-100 scale that is immediately available at the bedside
as opposed to sedation scoring systems that provide only an
intermittent assessment and require time to assess and add
various parameters.

BIS monitoring has also been used in the arena of pro-
cedural sedation [32-35]. These studies have demonstrated
a good correlation with clinical scales such as the Ramsay
Scale and the University of Michigan scale during the use of
sedation for invasive procedures in children [33, 34]. Powers
et al. used the BIS to titrate levels of propofol to a BIS of 50
in order to maintain an adequate sedation for painful proce-
dures [36]. Motas et al. demonstrated that the depth of seda-
tion as judged by the BIS monitor was predictive of adverse
airway events during the administration of procedural seda-
tion by non-anesthesiologists [37]. Episodes of oxygen
desaturation and airway events respectively increased from
(1 and 0) of 20 patients when the BIS number was 71-90
to (2 and 3) of 17 patients when the BIS number was 61-70
to (4 and 4) of 24 patients when the BIS number was less
than 60.

However, there are limitations to the use of BIS monitor-
ing in the PICU setting. Although various studies in both
adult and pediatric ICU populations have demonstrated a
clinically useful correlation between the BIS number and
various sedation scales, these same studies reveal that there
is a wide variation of BIS numbers for any specific sedation
scale. Part of this variation may be related to interference
from electromyographic (EMG) artifact from facial muscu-
lature which falsely elevates the BIS number [38, 39]. In
fact, one group of investigators demonstrated that the BIS
number decreases following the administration of neuromus-
cular blocking agents in fully awake volunteers thereby dem-
onstrating the EMG interference [39]. The newer version of
the BIS probes now incorporates a sensor that is meant to
eliminate EMG interference from the BIS algorithm and
may address this issue. Natural sleep phases also confound
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the interpretation of the BIS value as the phases of deep sleep
in a sedated patient may be identified as over-sedation. It was
also noted although BIS values may accurately predict tran-
sition between light and moderate sedation, they are poor
predictors of the transition between moderate and deep seda-
tion [40]. The BIS monitor and its EEG algorithm was origi-
nally developed for use with inhalational anesthetic agents
and not the myriad of sedative and analgesics used for ICU
sedation. Therefore, its correlation with depth of sedation/
awareness is not as accurate with medications other than the
inhalational anesthetic agents, barbiturates, benzodiazepines,
and propofol. Brown-McDermott et al. demonstrated that the
BIS correlated with the University of Michigan Sedation
Score when pentobarbital or benzodiazepines were used for
sedation, but not when the regimen included chloral hydrate,
meperidine, hydroxyzine, or ketamine [32]. Other studies
have demonstrated the inaccuracy of the BIS monitor with
the administration of etomidate or agents such as xenon or
nitrous oxide which act through the N-methyl-D-aspartate
(NMDA) system [27-29, 41-43].

Measurement of middle latency auditory evoked poten-
tials (MLAEPs) is a tool that records changes in cerebral
auditory waves through electrodes placed on the skin of the
scalp. An auditory stimulus is applied through headphones
and monitors display a numerical index which correlates
with the level of sedation. This method has not been vali-
dated in children and the use of scalp electrodes and constant
auditory stimulation has limited its use for continuous moni-
toring [44]. Despite these shortcomings, awareness monitor-
ing is seeing increased use in the PICU setting and may offer
specific advantages over the use of sedation scales or rather
be an effective adjunct that is combined with routine seda-
tion scoring.

Agents for Sedation and Analgesia
Inhalational Anesthetic Agents

The inhalational or volatile anesthetic agents can be grouped
into one of three basic chemical structures: alkanes (halo-
thane), methyl-ethyl ethers (isoflurane, desflurane, and enflu-
rane) or methyl-isopropyl ethers (sevoflurane). Although
previously in common clinical use for the induction and
maintenance of anesthesia, halothane has largely been
replaced by sevoflurane. Halothane was removed from the
US market because of its negative inotropic and chronotro-
phic and its association with perioperative cardiac arrest in
infants and children.

The intraoperative use of the volatile anesthetic agents
has demonstrated several characteristics which may make
them useful agents for PICU sedation. These include a rapid
onset, rapid awakening upon discontinuation, and ease of
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control of the depth of sedation. As these agents are volatile
substances, they are easily vaporized and administered by
the inhalational route. The inhalational anesthetic agents also
provide the therapeutic effects of bronchodilatation, myocar-
dial preconditioning, and cerebral protection.

The volatile anesthetic agents (halothane, enflurane, iso-
flurane, sevoflurane and most recently desflurane) have all
been used for ICU sedation, with isoflurane being the most
commonly used agent [45-48]. Despite the fact that these
agents are all grouped in the category of inhalational or vola-
tile anesthetic agents, their physiologic effects on end-organ
function are distinctly different. As noted above, halothane is
no longer in common clinical use because of its deleterious
physiologic effects on myocardial performance. Additional
issues include a pro-arrhythmogenic effect especially in the
setting of increased catecholamines, hypercarbia or when
used in conjunction with other medications (e.g., aminophyl-
line) and the development of hepatitis related to an immuno-
logic reaction directed against the oxidative metabolite,
trifluoroacetic acid [49, 50]. Although hepatitis may occur
with the other volatile agents, the incidence is less due to
their limited metabolism (only 0.2 % with isoflurane) com-
pared with that of halothane (15-20 %).

Adverse effects with the prolonged administration of
enflurane, including a similar negative inotropic effect and
the release of fluoride during metabolism, limit its use in the
ICU and also in the operating room. Although only 2 % of
enflurane undergoes metabolic degradation, the carbon
atoms of its methyl and ethyl groups are highly substituted
with fluoride. Therefore, serum fluoride concentrations are
elevated following prolonged administration. End-organ
effects on renal function of elevated plasma fluoride concen-
trations in excess of 50 pmol/L include a decreased glomeru-
lar filtration rate and renal tubular resistance to vasopressin
with nephrogenic diabetes insipidus.

Three to five percent of sevoflurane also undergoes
metabolism and like enflurane, sevoflurane is highly substi-
tuted with fluoride. Although its prolonged administration
can also result in elevated serum fluoride concentrations,
there is no evidence to suggest that these have deleterious
effects on renal function. When comparing sevoflurane to
propofol for the sedation of adult patients after coronary
bypass surgery, sevoflurane proved to be safe and also led to
shorter times of mechanical ventilation, ICU stay, and hospi-
tal stay [51]. Similarly, Mesnil et al. noted no adverse effect
on renal or hepatic function with the use of sevoflurane for
sedation and also noted significantly shorter wake-up times
and less extubation delay when compared to propofol and
midazolam for 47 intubated adult patients requiring sedation
for mechanical ventilation over a period of 24-96 h [52].

Desflurane is the newest of the inhalational anesthetic
agents. Its beneficial properties include low blood:gas and
blood:fat solubility coefficients, thereby resulting in a rapid
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onset and rapid awakening upon its discontinuation. Meiser
et al. compared propofol with desflurane for postoperative
sedation of adult patients during mechanical ventilation [53].
Using the BIS monitor to adjust medication administration,
the patients were sedated for a period of time ranging from 3
to 22 h. Patients sedation with desflurane had shorter and
more predictable emergence times and a faster return of
mental recovery when compared to propofol. Despite the
successes of desflurane; until additional experience has been
reported, one must be cognizant of the potential adverse
effects that have been reported with desflurane during its
extensive intraoperative use. These adverse effects include
hypotension primarily from peripheral vasodilatation,
rebound tachycardia from stimulation of the sympathetic
nervous system, and direct irritant effects on the airway
thereby making it less than optimal in patients with airway
hyperreactivity.

Additional concerns with all of the inhalational anesthetic
agents include their potential as a trigger agent for malignant
hyperthermia, cost issues, effects on intracranial pressure
(ICP), and alterations of the metabolism of other medica-
tions. As non-specific vasodilators, these agents cause cere-
bral vasodilatation resulting in an increase in cerebral blood
volume and ICP in patients with compromised intracranial
compliance. Cerebral vasodilatation is least with isoflurane
or desflurane and can be blunted by hypocarbia [54, 55]. The
inhalational anesthetic agents alter the metabolism of several
medications which may be administered in the PICU setting
including lidocaine, P-adrenergic antagonists, benzodiaze-
pines, and local anesthetic agents [56].

Given the potential problems with the other agents and
the fact that the majority of the clinical experience has
included isoflurane for ICU sedation, it remains the agent
chosen most commonly for prolonged sedation in the ICU
setting. Isoflurane’s primary hemodynamic effects include
peripheral vasodilatation and a decrease in afterload with an
increase in cardiac output. Peripheral vasodilatation may be
accompanied by a reflex tachycardia that can increase myo-
cardial oxygen demand. Thus, isoflurane should be used cau-
tiously in patients at risk for myocardial ischemia or in those
who are unable to tolerate tachycardia and a decrease in
afterload.

Reports of the use of the volatile agents in PICU patients
remain anecdotal. In the majority of cases outlining the
administration of these agents in the PICU, they were used
for the therapeutic effects to treat bronchospasm more than
to provide sedation. One of the largest reports to date out-
lines the use of isoflurane for sedation during mechanical
ventilation in ten patients, ranging in age from 3 weeks to
19 years [57]. Effective sedation was achieved in all patients
without adverse effects on end-organ function. The plasma
fluoride concentration correlated with the duration of iso-
flurane administration. The highest fluoride concentration
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was 26.1 pmol/L. without evidence of renal toxicity. After
discontinuation of isoflurane, five patients developed non-
purposeful movements and agitation suggestive of with-
drawal. These five patients had received more than 70
MAC-hours of isoflurane.

Despite the reports of the successful use of the volatile
agents in the ICU setting, the major barrier to the application
of these techniques is the logistic problem of delivering the
inhalational anesthetic agents outside of the operating room.
As they are classified as general anesthetic agents, local and
state regulations may restrict who can adjust the inspired
concentration. Changes in the inspired concentration may
need to be made by physicians or even members of the anes-
thesiology staff and not the nursing staff, thereby increasing
the manpower issues of this type of sedation. When adminis-
tered in the operating room, the exhaled gases from the ven-
tilator and anesthesia machine are collected (scavenged) and
vented out of the operating room. Since ICU ventilators do
not routinely scavenge exhaled gases, effective scavenging
or absorption devices (activated charcoal) must be connected
to ICU ventilators to prevent environmental pollution.
Additional equipment that is required includes a vaporizer
and an infra-red monitor to measure the end-tidal concentra-
tion of the drug.

The Anesthetic Conserving Device (AnaConDa, Hudson
RCI, Upplands Vasby, Sweden) has been developed in an
attempt to facilitate the administration of the volatile agents
outside of the operating room. This device attaches in-line
between the Y-piece of the ventilator and the 15 mm adaptor
at the end of the endotracheal tube. A syringe pump delivers
the anesthetic agent to a membrane in the device that allows
vaporization of the anesthetic agent as the gas from the ven-
tilator flows over it. Sackey et al. compared the effects of
isoflurane sedation using the Anesthetic Conserving Device
with intravenous midazolam in a cohort of 40 adult ICU
patients [57]. The percentage of time within the desired
range of sedation was similar between the two groups (54 %
with midazolam versus 59 % with isoflurane). Extubation
times (108 versus 252+271 min) and the time to follow
verbal commands (10+ 8 versus 110+ 132 min) were shorter
with isoflurane than with midazolam. The authors con-
cluded that the Anesthetic Conserving Device allowed easy
titration and administration of isoflurane without costly
equipment and could be safely managed by the nursing
staff. However, this device does not eliminate the need to
scavenge the exhaled gases or monitor the end-tidal concen-
tration of the anesthetic agent. To date, experience with this
device in the pediatric population is anecdotal [58, 59].
Although preliminary success was reported, given the dead-
space of the device, significant rebreathing may occur in
patients who weigh less than 20-30 kg. As such, the device
must be placed in the inspiratory limb in smaller pediatric
patients.
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Benzodiazepines

The benzodiazepines remain the most commonly used agent
for sedation in the PICU setting. These agents modulate their
effects through the inhibitory neurotransmitter, y-amino
butyric acid (GABA). Binding to the a-subunit of the GABA
receptor facilitates the interaction of the GABA molecule
with the B-subunit of the receptor. This results in increase
chloride conduction across the neuronal membrane and
neuronal hyperpolarization. The benzodiazepines provide
amnesia, sedation, and anxiolysis, but have no intrinsic anal-
gesic properties.

Diazepam was formerly a commonly used agent for seda-
tion in both pediatric and adult ICU’s. Its high lipid solubil-
ity results in a rapid onset of action; however, its low water
solubility requires administration in a solution of propylene
glycol, which can cause pain and thrombophlebitis with
peripheral administration. A newer formulation of diazepam
includes a lipid formulation that has been shown to alleviate
the discomfort associated with the intravenous administra-
tion of the propylene glycol preparation [60, 61]. However,
diazepam use for sedation in the PICU setting is limited by
its metabolism to active metabolites including oxazepam
and N-desmethyldiazepam which have elimination half-
lives that far exceed the parent compound. With repeated
administration, the metabolites can accumulate and result in
delayed awakening, difficulty in weaning from the ventila-
tor, and ultimately a longer length of stay once the drug is
discontinued.

Midazolam is an imidazobenzodiazepine with a rapid
onset of action and a short elimination half-life [62]. Its short
half-life, relatively predictable pharmacokinetics, and rela-
tive lack of significant hemodynamic effects have made it a
popular agent in the PICU. Availability in generic prepara-
tions also makes it a cost effective agent. A large amount of
clinical experience and years of its use have demonstrated
the efficacy of continuous midazolam infusions for sedation
in the PICU patient at starting doses ranging from 0.05 to
0.2 mg/kg/h [63-65]. Anecdotally, it has been suggested that
midazolam may not be effective during ECMO due to bind-
ing to the surface of the membrane oxygenator [65].
Additionally, as with many agents administered in the PICU,
critical illness may alter the pharmacokinetics and pharma-
codynamics of midazolam. Jacqz-Algrain et al. compared
midazolam with placebo for sedation during mechanical
ventilation in 46 infants [66]. The midazolam infusion was
started at 0.06 mg/kg/h and then decreased after 24 h to
0.03 mg/kg/h in infants less than 33 weeks gestation.
Midazolam provided effective sedation with only 1 of 24
patients being withdrawn from the study for inadequate
sedation compared with 7 of 22 infants in the placebo group.
There was a significant interpatient variation of the plasma
midazolam concentration between the patients despite using
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the same infusion rate. The impact of hepatic enzyme imma-
turity on midazolam pharmacokinetics is demonstrated by
two infants with gestational ages less than 32 weeks who had
plasma concentrations greater than 1,000 ng/mL.

Although intravenous administration is generally the
route chosen in the PICU patient, midazolam remains unique
among the various agents used for sedation in the PICU
setting in that several novel routes of delivery have been
reported, including oral, rectal, transmucosal (nasal, rectal,
sublingual) and subcutaneous administration [67-71]. When
a non-intravenous route is used, with the exception of subcu-
taneous administration, increased doses are required due to
decreased bioavailability. The oral, rectal, and transmucosal
routes have generally been used in the arena of procedural
sedation or as a premedicant prior to anesthetic induction
whereas subcutaneous administration has been used to allow
for the slow weaning of midazolam in the prevention of with-
drawal in patients who have developed physical tolerance.

Midazolam is metabolized by isoforms of the hepatic
P4503A enzyme system to the primary metabolite, 1-OH mid-
azolam. The hydroxylated metabolite is equipotent with the
parent compound and undergoes further hepatic metabolism
via the glucuronyl transferase system to 1-OH midazolam-
glucuronide. The latter is a water-soluble metabolite, which
is renally excreted. In the presence of renal insufficiency,
1-OH midazolam-glucuronide accumulates, thereby poten-
tiating the effects of midazolam [72]. Midazolam pharma-
cokinetics and metabolism are altered by several factors
including, as noted above, post-gestational age and co-
morbid conditions including hepatic disease. Alterations
in protein binding, with increases in the free fraction, may
occur with heparin administration, hepatic/renal dysfunc-
tion, and decreased albumin levels [73-76]. Further altera-
tions and variability in midazolam pharmacokinetics have
been reported in critically ill children [10, 77]. In a study of
21 PICU patients ranging in age from 2 days to 17 years of
age, midazolam clearance in PICU patients ranging from 3
to 10 years of age was significantly longer (5.5+3.5 h) than
that reported in healthy age-matched children (1.2+0.3 h)
[10]. The authors concluded that midazolam does not dem-
onstrate a short elimination half-life in PICU patients. They
also recommended that given the prolonged half-life, a
steady state serum concentration would not be achieved for
approximately 20 h after starting the infusion and therefore
sedation should be initiated with a bolus dose.

Lorazepam is a water-soluble benzodiazepine that unlike
midazolam is metabolized by glucuronyl transferase and not
the P,5, enzyme system. As such, medications and co-morbid
conditions which may alter the P,s, system do not alter loraz-
epam’s pharmacokinetics. Even with advanced liver disease,
phase II reactions (glucuronyl transferase) are better pre-
served than phase I reactions (P45, system). The metabolites
of lorazepam are pharmacologically inactive. To date the
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majority of experience with lorazepam use in the ICU either
by intermittent bolus dosing or a continuous infusion has
been in the adult population.

In an open-label trial, Pohlman et al. compared lorazepam
with midazolam for sedation in 20 adult ICU patients [78].
The mean infusion rates to achieve adequate sedation was
0.06 mg/kg/h with lorazepam and 0.15 mg/kg/h with mid-
azolam. There were fewer infusion rate adjustments per day
with lorazepam than with midazolam (1.9 for lorazepam ver-
sus 3.6 for midazolam). The mean time to return to baseline
mental status was also shorter with lorazepam (261 min with
lorazepam versus 1,815 min with midazolam). In a blinded
trial, Swart et al. similarly compared infusions of lorazepam
to midazolam in 64 adult ICU patients [79]. The percent time
at goal sedation score was greater with lorazepam (87 % for
lorazepam versus 66 % for midazolam). The average daily
dose of midazolam was 372 mg versus 23.1 mg for loraze-
pam leading to an average cost of approximately ten times
more with midazolam. However, the latter cost issues may
no longer be germaine given that generic forms of mid-
azolam are now available. These studies, in part, led the
Society of Critical Care Medicine to recommend the use of
lorazepam as the preferred sedative for prolonged sedation in
adults in the intensive care unit setting [80].

One interesting alternative use of lorazepam was reported
by Lugo et al. who used enteral lorazepam to decrease intra-
venous midazolam dosing requirements and drug costs
during mechanical ventilation in a cohort of 30 infants and
children [81]. Sedation was initiated and maintained with
midazolam until stable infusion requirements had been
achieved for 24 h. Enteral lorazepam, administered every
4-6 h, was then start at a dose which was one-sixth of the
total daily intravenous midazolam dose. A decrease in mid-
azolam infusion requirements was noted on the first day and
by the third day, the midazolam infusion was discontinued in
24 of 30 patients. When considering acquisition costs at the
time of the study, the projected savings were over $40,000 for
the 30 patients. Enteral lorazepam has also been frequently
in the prevention or treatment of withdrawal following the
prolonged administration of intravenous benzodiazepines for
sedation during mechanical ventilation [82].

Although lorazepam has been shown to be an effective
alternative to midazolam for sedation in the PICU and previ-
ously resulted in significant cost savings, prolonged infusion
or repeated intermittent doses especially at higher doses,
may lead to the accumulation of the diluent used in the intra-
venous formulations, propylene glycol [83-86]. Each mL of
the lorazepam solution (2 mg/mL) contains 800 mg of pro-
pylene glycol. Signs and symptoms of propylene glycol tox-
icity include metabolic acidosis, renal failure/insufficiency,
mental status changes, hemolysis, and an elevated osmolar
gap. Propylene glycol is metabolized in the liver to lactic
or excreted unchanged in the urine making toxicity more
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likely in patients with renal or hepatic insufficiency. Given
the immaturity of their renal and hepatic function, neonates
and especially preterm infants are unable to handle propyl-
ene glycol. As such, extreme caution is recommended in this
population and continuous infusions should generally be
avoided. Calculation of the propylene glycol infusion rate
and periodic measurement of the osmolar gap (measured
minus calculated serum osmolarity) may be indicated dur-
ing high dose or prolonged lorazepam infusions. Although
propylene glycol concentrations can be measured by refer-
ence laboratories, they are not routinely available in most
hospitals.

Etomidate

Etomidate is an intravenous anesthetic agent whose primary
clinical application is the induction of anesthesia. Like many
other sedative agents, etomidate exerts its effects by poten-
tiation of the GABA inhibitory neurotransmitter system.
Following intravenous administration, loss of consciousness
is rapid (15-20 s) with an elimination half-life from 2.9 to
5.3 h. Recovery of consciousness, which occurs in 5-10 min
following a single induction dose, is not the result of meta-
bolic degradation, but rather rapid drug redistribution [87].
Etomidate shares the same CNS effects as propofol and the
barbiturates with a reduction of the cerebral metabolic rate
for oxygen (CMRO,), cerebral blood flow (CBF), and ICP. In
patients with intact cerebral autoregulation, the reduction of
CMRO; results in a decrease in cerebral blood volume (CBV)
and intracranial pressure (ICP). Unlike, the barbiturates or
propofol, etomidate has minimal effects on cardiovascular
function, thereby making it a suitable agent in patients with
altered myocardial performance [88]. As opposed to the
large clinical experience with the use of etomidate in the
adult population, there are limited data regarding the use
of etomidate in pediatric-aged patients [§9-92]. Additional
anecdotal experience outlines the potential utility of etomi-
date in pediatric patients with significant co-morbid car-
diac pathology including cardiomyopathies [93, 94]. More
recently, Zuckerbraun et al. reported the use of etomidate in
77 pediatric patients (average age was 8.2 years) requiring
RSI in the emergency room setting [95]. Successful endo-
tracheal intubation was achieved in all of the patients, gener-
ally with favorable hemodynamic parameters. Seven patients
experienced hypotension with only two requiring resuscita-
tive interventions.

As with the barbiturates and propofol, etomidate results
in a dose-dependent depressant effect on respiratory function
and can result in apnea depending on the dose used, con-
comitant use of other medications, and the patient’s underly-
ing status. Morgan et al. evaluated the respiratory effects of
etomidate in patients pretreated with either diazepam or
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papaveretum and reported that the incidence of apnea was
greater in the group pretreated with diazepam, suggesting
that apnea is more likely with coadministration of benzodi-
azepines compared to opioids [96].

Etomidate appears to be a suitable agent for the induction
of anesthesia in patients with reactive airway disease based
on its failure in vitro to provoke histamine release from mast
cells [97]. Neither propofol nor etomidate results in the
smooth muscle contraction in an in vitro isolated rat tracheal
myocyte preparation, while both propofol and etomidate
reduce histamine-induced contraction in isolated human
bronchi while altering the calcium signal in response to
potassium chloride and acetylcholine [98].

In addition to its limited effects on myocardial function,
the other factor that makes etomidate a valuable agent for
critically ill patients is its beneficial effects on cerebral
dynamics. Like the barbiturates and propofol, etomidate
decreases the CMRO,, resulting in cerebral vasoconstriction,
decreased CBF and decreased ICP [99-101]. The reduction
of CMRO, and ICP and maintenance of mean arterial pres-
sure results in an increased cerebral perfusion pressure
(CPP). The effects of etomidate on the EEG and its potential
to induce seizures remain controversial. In high doses
(1.28+0.11 mg/kg), etomidate produces a burst suppression
pattern and an isoelectric EEG [102-104]. However, anes-
thetic induction or sedative doses can result in EEG activa-
tion and epileptic-like EEG potentials especially in patients
with underlying seizure disorders [103, 104]. Because of the
potential to increase epileptogenic activity, some authors
have cautioned against its use in patients with underlying sei-
zure disorders. However, etomidate has also been used to
treat refractory status epilepticus; therefore, the true clinical
significance of its effects on the EEG remains unclear [105].
In addition to overt activation of the EEG, etomidate is also
well known to induce myoclonic movements which may
simulate tonic-clonic activity [106]. It is postulated that the
myoclonic movements are of spinal origin resulting from
disinhibition of inhibitory neuronal pathways. Pretreatment
with fentanyl or a benzodiazepine decreases the incidence of
myoclonus.

The most significant concern with etomidate, and the fac-
tor that precludes its long-term administration in the PICU
setting, is its effects on the endogenous production of corti-
costeroids. Following its introduction into clinical practice,
increased mortality was noted in patients receiving prolonged
infusions of etomidate in the ICU setting [107]. Etomidate
inhibits 11-p hydroxylase, a key enzyme in the production of
cortisol, aldosterone, and corticosterone. This issue has also
resulted in recommendations and controversy admonishing
its use even as a single dose in septic patients (see below).
The duration of the adrenal suppression produced by a single
induction dose of etomidate has varied from study to study.
Duthie et al. demonstrated a decrease in plasma cortisol levels
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1 h following an induction dose of etomidate while at 24 h,
no difference was noted between those patients receiving
etomidate and those receiving other induction agents [108].
However, other authors have reported prolonged suppression
of adrenocortical function for up to 24 h [109, 110]. In a
cohort of 40 critically ill adult patients, the incidence of adre-
nal insufficiency, defined as a failure of the serum cortisol
level to increase by 9 pg/dL after a 250 pg ACTH stimulation
test, following a single dose of etomidate was 80 % at 12 h,
9 % at 48 h, and 7 % at 72 h [111]. Despite these findings,
no difference in outcome was reported following etomidate
administration even when there was accompanying adrenal
suppression. In fact, vasopressor therapy was required less
frequently and in smaller doses when etomidate was used in
a cohort of 159 adult patients with septic shock [112].

The more recent concern regarding the use of etomidate
in patients with sepsis stems from the CORTICUS trial,
which was intended to evaluate the efficacy of corticosteroid
therapy on outcome in adults with septic shock and adrenal
insufficiency [113]. However, a post hoc analysis revealed
significantly higher mortality in patients who had received
etomidate. Of 96 patients who received etomidate, 60.4 %
were non-responsive to corticotrophin (ACTH) and their
mortality rate at 28 days was 42.7 %. Of the 403 patients
who did not receive etomidate, 44.6 % were non-responsive
to corticotrophin and their 28 day mortality rate was 30.5 %.
The increased incidence of mortality in patients who had
received etomidate was not prevented by the exogenous
administration of corticosteroids (45 % versus 40 %).

Given these data, significant controversy surrounds
the continued use of etomidate, with some authors calling
either for elimination of its use or at least some formal re-
evaluation [114—117]. As a result of these concerns, in many
institutions, etomidate has been removed from the hospi-
tal formulary, the operating rooms, the emergency depart-
ment and the ICU. Guidelines published by the American
Academy of Pediatrics (AAP) state “etomidate should not be
routinely used when intubating an infant or child with sep-
tic shock.” In the case that it is used, recognition of adrenal
suppression as a consequence is advocated [118]. The guide-
lines reference the adult CORTICUS trial and also a study
led by den Brinker of mortality and adrenal function in 60
children with meningococcal sepsis [119]. Of the cohort of
60 pediatric patients, 31 required endotracheal intubation. Of
these patients, 23 received etomidate and 8 did not. Patients
who received etomidate had significantly lower cortisol
levels, higher ACTH levels, and higher 11-deoxycortisol
levels than those who did not receive etomidate. Of those
that required endotracheal intubation, 7 of 23 patients who
received etomidate died versus 1 of 8. Although this could
suggest etomidate as a risk factor for mortality, den Brinker
acknowledges it is difficult to identify the relative contribu-
tion of disease severity and endotracheal intubation with
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etomidate to mortality. Clinical practice guidelines for the
treatment of septic shock in pediatric and neonatal patients
from the American College of Critical Care Medicine state
that: “Etomidate is popular as an induction agent because
it maintains cardiovascular stability through blockade of the
vascular K+ channel; however, even one dose used for intu-
bation is independently associated with increased mortality
in both children and adults with septic shock, possibly sec-
ondary to inhibition of adrenal corticosteroid biosynthesis
[120]. Therefore, it is not recommended for this purpose.”

As we progress toward the future with a re-evaluation of
etomidate, prospective, randomized trials are needed with
the power to determine the real question regarding etomidate
which remains its effect on survival. Without such data, it
may be imprudent to abandon a drug which offers significant
advantages regarding its effects on myocardial performance
and intracerebral dynamics. Although we are beginning
to see such trials, the cohort numbers may be too small to
answer the true question. Hildreth et al. prospectively ran-
domized 30 adult trauma patients that needed RSI to receive
either etomidate (0.3 mg/kg) or fentanyl (100 pg) and mid-
azolam (5 mg) [121]. When compared to the fentanyl/mid-
azolam group 4-6 h after endotracheal intubation, the 18
patients in the etomidate group had significantly lower cor-
tisol levels (18.2 versus 27.8 pg/dL) and lower increases in
cortisol after ACTH (4.2 versus 11.2 pg/dL). Patients receiv-
ing etomidate had longer ICU stays (6.3 versus 1.5 days),
longer hospital stays (11.6 versus 6.4 days), and more ven-
tilator days (28 versus 17 days). Tekwani et al. randomized
122 adult patients with suspected sepsis that required RSI in
the emergency room to receive either midazolam (0.1 mg/
kg) or etomidate (0.3 mg/kg) [122]. There was no differ-
ence in hospital length of stay, ventilator days, or mortality
between the two groups.

In addition to its effects on adrenal function, infectious
complications occurred in many of the patients in the ini-
tial reports involving continuous etomidate infusions. Gelb
and Lok investigated the effects of clinically relevant con-
centrations of etomidate on white blood cell chemilumines-
cence, an index of oxygen free radical generation, which is
an important process in white blood cell bactericidal mecha-
nisms [123]. Neutrophils incubated in vitro with etomidate
demonstrated depressed chemiluminescence suggesting that
etomidate may interfere with white blood cell bactericidal
activity. In addition to its effects on adrenal function, this
may represent an additional mechanism responsible for
the increased mortality in critically ill patients receiving
etomidate.

Various other adverse effects have been reported with
etomidate, which may be related to the drug itself or the
diluent, including reports of anaphylactoid reactions, pain
on injection, and nausea/vomiting during emergence [124—
126]. Issues related to the carrier vehicle (propylene glycol)
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include pain on injection, thrombophlebitis, and propyl-
ene glycol toxicity. The incidence of pain on injection that
may be as high as 50 %, is greater with injection into small
veins on the dorsum of the head, and can be decreased by
the pre-administration of lidocaine (1.5 mg/kg) or fentanyl
(2-3 pg/kg). There have been various attempts to modify
the carrier vehicle to decrease the incidence of local reaction
with intravenous injection. These have included decreasing
the concentration of propylene glycol, use of an alcohol-
based vehicle, or more recently a lipid based vehicle. The
latter has been shown to significantly reduce the incidence of
pain on injection and thrombophlebitis with administration
through a peripheral vein [127]. Given the myriad of issues
with etomidate, most notably its effects on corticosteroid
production, there is ongoing debate as to whether it should be
used at all in critically ill patients. Of note, Carbo-etomidate,
an analogue of etomidate with similar hypnotic properties
and cardiovascular stability, does suppress steroid synthesis
in animal studies and thus may be a promising alternative for
critically ill patients [128].

Ketamine

Ketamine, introduced into the clinical practice of medicine
in the 1960s, is a phencyclidine derivative that remains clas-
sified as an intravenous anesthetic agent [129]. It produces
dissociative anesthesia which refers to the state induced in
which patients may keep their eyes open and yet be amnes-
tic and unresponsive to painful stimuli. A unique attribute
of ketamine, which separates it from the majority of other
agents used for sedation, is the provision of both amnesia
and analgesia. Ketamine’s clinical effects are likely from
interactions at several receptor sites, most notably agonism
at opioid and muscarinic receptors as well as antagonism at
NMDA receptors. Given its effects at the opioid and NMDA
receptors, there is growing interest in the role of ketamine
for the management of acute and potentially chronic pain. In
the adult population following major surgical procedures, a
low dose ketamine infusion or its inclusion with morphine in
the PCA-solution has been shown to result in a similar level
of analgesia with a decrease in the total opioid consumption
[130-132].

Ketamine contains a chiral carbon in its structure and in
the United States is available as a racemic mixture of the two
optical isomers [S(+) and R(-)]. In many countries, the iso-
lated isomer [S(+)] is available for clinical. Metabolism of
ketamine occurs primarily by hepatic N-methylation to nor-
ketamine, which is further metabolized via hydroxylation
pathways with subsequent urinary excretion. Norketamine
retains approximately one-third of the analgesic and sedative
properties of the parent compound. With oral administration,
greater first past metabolism occurs with the production of
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norketamine which accounts for a significant portion of the
clinical effects with the oral route. Regardless of the route of
administration, with repeated dosing or a continuous infu-
sion, dose reductions are suggested in patients with hepatic
dysfunction. Additionally, as norketamine is dependent on
renal elimination, dose modifications are also suggested with
renal insufficiency or failure.

Beneficial properties of ketamine include preservation of
cardiovascular function in most clinical scenarios, limited
effects on respiratory mechanics, and maintenance of central
control of ventilation in the majority of patients. Given these
properties, it is frequently chosen for painful, invasive proce-
dures in the spontaneously breathing patient [133]. For this
purpose, incremental doses (0.5-1 mg/kg) are administered
every 1-2 min and titrated to achieve the desired level of
sedation and analgesia. Although the need for the practice
has been questioned, the time-honored practice has been for
the administration of an anti-sialogogue such as glycopyrro-
late to prevent salivation. A benzodiazepine or dexmedeto-
midine is frequently co-administered to limit the occurrence
of emergence phenomena. The latter are more common in
the adolescent and older age groups (see below).

Ketamine’s popularity as an induction agent for endotra-
cheal intubation in the anesthesia and critical care arena
relate to its beneficial effects on cardiorespiratory function.
In most clinical situations, ketamine administration results in
an increase in heart rate and an increase or maintenance of
blood pressure. These hemodynamic effects are mediated
indirectly through the sympathetic nervous system and the
release of endogenous catecholamines [134]. This effect also
account for ketamine’s bronchodilatory properties. Although
the indirect sympathomimetic effects from endogenous cat-
echolamine release generally overshadow ketamine’s direct
negative inotropic properties, hypotension and even cardio-
vascular collapse may occur in patients with diminished
myocardial contractility when the endogenous catechol-
amine stores have been depleted by chronic illness or co-
morbid conditions [135, 136].

An issue of controversy with ketamine remains its effects
on pulmonary vascular resistance (PVR) with conflicting
results reported in the medical literature [137—-140]. Although
older studies suggested that ketamine increased PVR, these
evaluations were performed during spontaneous ventilation.
Although the respiratory effects are generally minimal, the
alterations in PVR may have been related to alterations in
the PaCO, and not a direct effect of ketamine on the pul-
monary vasculature. More recently, Williams et al. demon-
strated no change in hemodynamic parameters including
pulmonary artery pressure and PVR in a group of pediatric
patients with pre-existing pulmonary hypertension undergo-
ing cardiac catheterization [141]. Additional support for the
safety of ketamine in patients with congenital heart disease
is provided by the significant experience with its use during
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spontaneous ventilation for sedation during cardiac catheter-
ization [142, 143]. Lebovic et al. reported less hypotension
with ketamine compared with propofol, although the recov-
ery times were significantly longer with ketamine [143].

An additional property of ketamine which results in its
popularity for sedation during spontaneous ventilation are its
limited effects on respiratory parameters including functional
residual capacity, minute ventilation, and tidal volume [144].
Endogenous catecholamine release also generally results in
improved pulmonary compliance, decreased resistance to
airflow, prevention and at times reversal of bronchospasm
[145]. Although minute ventilation is generally maintained,
hypercarbia and a rightward shift of the CO, response curve
may occur [146]. Although ketamine is generally useful for
procedural sedation in that protective airway reflexes and
spontaneous ventilation are maintained, like all of the agents
discussed in this chapter, ketamine can result in loss of pro-
tective airway reflexes with the aspiration of gastric contents,
upper airway obstruction, and even apnea [147, 148] Airway
patency and the potential for airway obstruction or laryngo-
spasm may also result from increased oral secretions. Despite
this, anecdotal experience has suggested the utility of ket-
amine for sedation of infants during flexible fiberoptic bron-
choscopy during spontaneous ventilation [149].

An additional area of controversy surrounding ketamine
is its effects on intracerebral dynamics with early studies
suggesting that ketamine increased CBF and ICP [150, 151].
These clinical studies were supported by animal studies
demonstrating that the alterations in ICP resulted from direct
cerebral vasodilatation, which was mediated through central
cholinergic receptors [152, 153]. However, it has been postu-
lated that the increased ICP associated with ketamine admin-
istration was more likely an indirect effect related to changes
in PaCO, rather than a direct effect on the cerebral vascula-
ture. Furthermore, conflicting data are reported from other
animal studies showing no change or even a decrease in ICP
following ketamine administration [154, 155]. In these later
studies, the animals received mechanical ventilation to main-
tain a normal normocarbia. No change or even a decrease in
ICP has been reported in adults with traumatic brain injury
following the administration of ketamine [156, 157]. In 30
pediatric patients with severe traumatic brain injury, a total
of 82 doses of ketamine were given to treat ICP elevations
greater than 18 mmHg [158]. Following the bolus dose of
ketamine (1-1.5 mg/kg), ICP not only decreased by 30 %
(from 25.8+8.4 to 18.0+8.5 mmHg, p<0.001), but CPP
increased from 54.4+11.7 to 58.3+13.4 mmHg, p<0.005.

An additional effect that has been described with ket-
amine, which may make it a beneficial agent in patients with
CNS trauma, is an alteration of transmembrane calcium and
magnesium [159]. With injury or trauma to the CNS trauma,
the release of excitatory neurotransmitters alters calcium
currents leading to an increase in the cytoplasmic calcium
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concentration and the potential for delayed neuronal necro-
sis. The latter is commonly referred to secondary injury
which may result in significant progression of CNS injury
following trauma. Through its antagonism at the NMDA
receptor, ketamine has been shown to block the influx of
calcium and lower cytoplasmic calcium concentrations
[159]. Whether this effect will result in prevention of second-
ary injury following brain trauma has been not been conclu-
sively demonstrated.

Another controversial issue related to the CNS effects of
ketamine is its use in patients at risk for or with an underly-
ing seizure disorder. EEG recordings in children or labora-
tory animals during ketamine administration demonstrate
increased frequency and amplitude with occasional paroxys-
mal seizure-like activity [160, 161]. These EEG effects of
ketamine account for the inaccuracy of the BIS monitor in
judging the depth of sedation or anesthesia with ketamine
(see above). However, no clinical evidence of seizure activity
has been reported with ketamine administration while stud-
ies in laboratory animals have demonstrated an anticonvul-
sant effect of ketamine [162, 163]. There is also at least one
clinical report describing the administration of ketamine for
the treatment of refractory status epilepticus [164].

With everyday clinical use, the adverse effect of ketamine
that raises the most concern tends to be its potential to cause
emergence phenomena or hallucinations. It has been postu-
lated that emergence phenomena result from the alteration of
auditory and visual relays in the inferior colliculus and the
medial geniculate nucleus leading to the misinterpretation of
visual and auditory stimuli [165]. Because of these concerns,
some practitioners prefer to avoid the routine use of ketamine
in older pediatric patients including adolescents in whom
emergence phenomena are more common. Alternatively, the
pre- or concomitant administration of a benzodiazepine
(lorazepam or midazolam), barbiturate or even dexmedeto-
midine prior to or with ketamine can markedly diminish the
incidence of such problems. As noted above, ketamine is a
racemic compound with the commonly used solution a mix-
ture of the two optical isomers, [S(+)] and [R(-)]. The [S(+)]
enantiomer is more potent than the racemic mixture and
although the clinical studies are not conclusive, it has been
suggested that it may have fewer of the psychomimetic
effects than the racemic mixture [166].

While there is ample experience with ketamine in pediat-
ric procedural sedation arena, there are limited reports
regarding its use by continuous infusion for sedation of
PICU patients during mechanical ventilation [167-169].
Hartvig et al. used a ketamine infusion to provide sedation
and analgesia following cardiac surgery in ten pediatric
patients who ranged in age from 1 week to 30 months [168].
The patients received an infusion of either 1 or 2 mg/kg/h.
Supplemental doses of midazolam were administered as
needed. The two groups had similar and acceptable levels of
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sedation. No adverse effects were noted. More recently, there
has been interest in the potential utility of ketamine in delay-
ing the onset and severity of opioid tolerance during pro-
longed infusions in the PICU setting. Although preliminary
animal data have demonstrated the potential utility of NMDA
antagonists in delaying tolerance, the limited data in the
pediatric population have failed to show the utility of ket-
amine for this purpose [170].

A final concern with the clinical use of ketamine is that it
is commercially available in three different concentrations
(100 mg/mL, 50 mg/mL and 10 mg/mL) and therefore inad-
vertent over or underdosing is possible without careful con-
sideration of its concentration. The 100 mg/mL solution is
meant for IM or PO administration to minimize the volume
required while the more dilute solutions (10 mg/mL) lend
themselves readily to the small incremental intravenous
doses needed for procedural sedation.

Although it may never become a first-line agent for seda-
tion in the PICU patient during mechanical ventilation, ket-
amine may be useful in various scenarios including: (i)
patients who develop adverse cardiovascular effects with
opioids or benzodiazepines, (ii) the provision of sedation
with the preservation of spontaneous ventilation when using
non-invasive ventilation techniques, (iii) patients with status
asthmaticus in whom the release of endogenous catechol-
amines following ketamine administration may provide
some therapeutic impact, and (iv) during the performance of
brief, painful invasive procedures in the spontaneously
breathing patient (see above). As with midazolam, several
alternative routes of delivery have been reported with ket-
amine including oral and transmucosal (nasal, rectal) admin-
istration. These alternative routes of delivery have been used
for one time dosing of the agent for sedation during a proce-
dure or as a premedicant to anesthetic induction and will
have a limited role for ongoing sedation of the PICU patient.

Propofol

Propofol is an alkyl phenol compound with general anes-
thetic properties. Its chemical structure is distinct from that
of other intravenous anesthetic agents such as the barbitu-
rates and etomidate, although its mechanism of action is
similar by acting through the GABA system [171]. Propofol
facilitates the binding of GABA to specific membrane-bound
receptors which are distinct from those of the barbiturates
and the benzodiazepines. The end result of this interaction is
increased chloride conductance and neuronal hyperpolariza-
tion. Although initially introduced into anesthesia practice
for the induction and maintenance of anesthesia, its rapid
onset, rapid recovery time, and lack of active metabolites led
to its evaluation as an agent for ICU sedation [172, 173].
When compared with midazolam or intermittent lorazepam
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for sedation in adult patients, propofol has been shown to
provide shorter recovery times, improved titration efficiency,
reduced post-hypnotic obtundation, and faster weaning from
mechanical ventilation [174, 175].

Like the barbiturates and etomidate, propofol decreases
CMRO; leading to reflex cerebral vasoconstriction, decreased
CBF & CBYV with a lowering of ICP [176]. The potential
beneficial effects of propofol on intracerebral dynamics have
been confirmed in several animal studies [177, 178]. Despite
these animal data, there are conflicting results in regards to
the effects of propofol on ICP from studies in humans
[179-182]. Although ICP is decreased in the majority of the
studies, propofol also lowers MAP resulting in a decrease of
the CPP. In patients with intact autoregulation of CBF, a
decrease in CPP leads to reflex cerebral vasodilation to main-
tain CBF, which can secondarily increase CBV and ICP if
intracranial compliance is altered. The resultant cerebral
vasodilatation negates the decrease in ICP related to the
decrease in CMRO, induced by propofol. However, if the
MAP is maintained at baseline with the use of a vasopressor,
propofol lowers ICP and increases CPP [183, 184]. Although
generally chosen as an anesthetic induction because of its
beneficial effects on emergence time, propofol may also be a
valuable agent in patients at risk for airway reactivity. In both
asthmatic and non-asthmatic patients, the incidence of
wheezing was shown to be lower when anesthetic induction
was performed with propofol (2.5 mg/kg) compared to either
thiopental/thiamylal (5 mg/kg) or methohexital (1.5 mg/kg)
[185]. Propofol’s beneficial effects on airway reactivity are
supported by animal studies showing the attenuation of
carbachol-induced airway constriction in canine tracheal
smooth muscle and prevention of reflex bronchoconstriction
to several provocative agents in isolated guinea pig trachea
smooth muscle [186, 187]. However, these airway effects
may not be shared by all preparations of propofol. In both an
animal study and a human study by Rieschke et al., the ben-
eficial effects on airway reactivity were present only with the
propofol solution that contained EDTA as the preservative
and not the formulation containing sodium metabisulphite
[188, 189].

Propofol’s cardiovascular effects resemble those of the
barbiturates with the potential for hypotension from periph-
eral vasodilation and negative inotropic properties [190].
These effects are accentuated following rapid bolus adminis-
tration and in patients with compromised cardiovascular
function and co-morbid cardiac diseases. The peripheral
vasodilatation may be particularly detrimental in patients
with a fixed stroke volume such as is seen with aortic or
mitral stenosis. The adverse hemodynamic profile of propo-
fol administration can be prevented by the administration of
calcium chloride (10 mg/kg) [191]. Additional cardiovascu-
lar effects may be caused by augmentation of central vagal
tone leading to bradycardia, conduction disturbances, and
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asystole [192, 193]. The latter tend to be more common with
the concomitant administration of other medications that
alter cardiac chronotropic function (fentanyl or succinylcho-
line). In rare circumstances, the augmentation of vagal tone
has resulted in a therapeutic effect and the termination of
supraventricular arrhythmias [194]. The combination of
ketamine-propofol, commonly known as ketofol, has gained
popularity in the arena procedural as another means of limit-
ing the adverse effect profile of propofol especially its hemo-
dynamic effects. When used for procedural sedation in the
pediatric emergency room and operating room the combina-
tion of these two agents has been shown to have a lower inci-
dence of adverse hemodynamic effects while providing
excellent sedation [195-197]. This is especially true for
painful procedures as propofol has limited analgesic proper-
ties. Ketamine and propofol can be administered individu-
ally or combined in one syringe to provide a mixture
containing 3-5 mg/mL ketamine and 10 mg/mL propofol.
For brief procedures, incremental doses of 0.1 mL/kg of the
solution can be administered resulting in the delivery of 0.3—
0.5 mg/kg of ketamine and 1 mg/kg of propofol.

Various neurological manifestations have been reported
with the administration of propofol including opisthotonic
posturing, myoclonic movements (especially in children),
and seizure-like activity [198-200]. Movement disorders
including myoclonus and posturing have been attributed to
propofol’s antagonism at glycine receptors in subcortical
structures. Although there are anecdotal reports with a tem-
poral relationship between propofol and what appeared to be
clinical seizure activity [200], no formal evidence exists to
prove this association. In a study evaluating the effects of
propofol and thiopental on the surface electroencephalo-
grams of 20 patients undergoing temporal lobe surgery, no
difference in the rate of discharge or extension of the irrita-
tive zone was seen [201]. Furthermore, given its effects on
the electroencephalogram, propofol remains an integral part
of various algorithms for treating patients with refractory
status epilepticus [202, 203].

Despite its benefits and efficacy, the routine use of propo-
fol by continuous infusion for sedation of the PICU patient
is not recommended and in fact, is considered contraindi-
cated by many because of reports of the “propofol infusion
syndrome” and potentially other adverse effects (Table 3.4).
The latter refers to a constellation of signs and symptoms
that includes metabolic acidosis, bradycardia, dysrhythmias,
rhabdomyolysis, and fatal cardiac failure [204-206]. The first
reports of the propofol infusion syndrome were published in
1992 [204]. Subsequently, a larger series of 18 children who
developed propofol infusion appeared in the literature [207].
Potential risk factors in the cohort of 18 pediatric patients
included propofol administration for more than 48 h and/
or infusion rates greater than 4 mg/kg/h. Not all patients
seemed uniformly susceptible suggesting that there may be
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Table 3.4 Adverse effects described with propofol

Hypotension (negative inotropic effect, vasodilation, bradycardia)
Respiratory depression and apnea

Neurologic sequelae (opisthotonic posturing, seizure-like activity,
myoclonus)

Anaphylactoid reactions

Propofol infusion syndrome

Pain on injection

Bacterial contamination of solution

Hyperlipidemia and hypercarbia

Potential for depletion of trace elements including zinc

an underlying co-morbid condition or genetic predisposition
responsible for the development of the propofol infusion syn-
drome. Another associated feature was age as 13 of the 18
patients were 4 years of age or younger and only 1 of 18 was
more than 10 years of age. Following the initial reports in the
pediatric population, the syndrome has been reported in older
patients including a 17 year-old adolescent and even in the
adult population [208, 209]. In addition to the metabolic aci-
dosis and cardiovascular manifestations, additional signs and
symptoms have included lipemic serum, hepatomegaly, and
muscle involvement with rhabdomyolysis and hyperkalemia.
The suggested treatment includes the immediate discontinua-
tion of the propofol combined with symptomatic treatment of
cardiovascular dysfunction and acidosis. The etiology of the
propofol infusion syndrome has been linked to mitochondrial
dysfunction in susceptible patients. In a guinea pig cardiomyo-
cyte preparation, propofol has been shown to disrupt mito-
chondrial function [210]. Biochemical analysis of a patient
who developed the propofol infusion syndrome revealed
an increase in the concentration of Cs-acylcarnitine and an
increased plasma concentration of malonyl-carnitine indica-
tive of inhibition of mitochondrial function at complex II of
the respiratory chain [211]. The latter compound inhibits the
transport protein necessary for the movement of long-chain
fatty acids into the mitochondria. Hemofiltration was used
in the treatment of this patient, which resulted in reversal of
the clinical manifestations and the patient’s recovery. Similar
findings with an elevated serum concentration of acylcarnitine
were reported in a 5-month-old who developed propofol infu-
sion syndrome [212]. Treatment with charcoal hemoperfusion
resulted in resolution of the signs and symptoms.

In specific circumstances, propofol may be used as a ther-
apeutic tool in the treatment of refractory status epilepticus,
increased ICP or a short-term bridge to extubation in high-
risk children [213]. In such cases, intermittent laboratory
analysis of plasma lactate concentration, acid-base status,
and creatinine phosphokinase (evaluating for rhabdomyoly-
sis) is suggested to monitor for the development of propofol
infusion syndrome. If a base deficit is noted with an increas-
ing serum lactate, immediate discontinuation of propofol is
recommended.
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Despite the previously outlined concerns with propofol,
the contention that we should abandon its use for sedation of
the PICU has not been universally embraced by the medical
community with the contention that is has been used safely
and effectively for sedation in small cohorts of PICU patients
[214-217]. The decision regarding the propofol controversy
should be considered in context of a letter issued in March
2001 by AstraZeneca, the manufacturers of Diprivan™, one
of the two commercially available propofol preparations
[218]. The letter outlined the results of a clinical trial com-
paring propofol (either a 1 % or 2 % solution) to other agents
used for PICU sedation. There were 12 (11 %) deaths in the
2 % propofol group, 9 deaths (8 %) in the 1 % propofol
group and 4 deaths (4 %) in the standard sedation group.
Although subsequent review did not show a specific pattern
to the deaths, there was enough concern that the company
concluded “propofol is currently not approved for sedation
in pediatric ICU patients in the United States and should not
be used for this purpose”. Issues regarding the propofol
infusion syndrome should not limit its use in the operating
room arena or for procedural sedation. However, as with the
majority of sedative and analgesic agents, propofol can
cause respiratory depression and apnea. Clinical reports
regarding its use for procedural sedation demonstrate a rela-
tively high incidence of respiratory effects including
hypoventilation, upper airway obstruction, and apnea, many
of which required bag-mask ventilation or repositioning of
the airway [219].

Additional problems with propofol relate to its delivery
in a lipid emulsion (the same lipid preparation that is used
in parenteral hyperalimentation solutions). Problems with
the lipid component include anaphylactoid reactions, pain
on injection, and elevated triglyceride levels or hypercapnia
with prolonged infusions [220-222]. The issues regarding
the use of propofol in egg-allergic patients remains some-
what controversial with many healthcare providers believing
that propofol should not be used in such patients. All propo-
fol preparations with the exception of newly available fos-
propofol (see below) are lipid suspensions that contain egg
lecithin-phosphatide and soy oil. In many countries, a history
of hypersensitivity to egg and soy are listed as contraindica-
tions in the manufacturer’s product information. However,
recent work has challenged this contention with the dem-
onstration that propofol did not cause problems except in
patients with true egg anaphylaxis [223].

The lipid content of propofol must be considered when
calculating the patient’s day caloric intake. A propofol infu-
sion of 2 mg/kg/h provides approximately 0.5 g/kg/day of
fat. In an attempt to lessen such problems, a 2 % solution of
propofol (twice the amount of propofol with the same amount
of lipid per mL as the 1 % solution) has undergone clinical
evaluations. To date, this preparation is not available in the
United States. Although the 2 % propofol solution has been

45

shown to decrease the incidence of hypertriglyceridemia,
there may be an alteration of the drug’s bioavailability as
there was an increased dose requirement and an increased
number of patients with inadequate sedation when the 2 %
solution is compared with the 1 % solution [224, 225].

Pain with the injection of propofol remains a significant
complaint especially when small veins on the dorsum of the
hands or feet are used. Variable success in decreasing the
incidence of pain has been reported with various maneuvers
including the preadministration of lidocaine, mixing the
lidocaine and propofol in a single solution, mixing the pro-
pofol with thiopental, diluting the concentration of the pro-
pofol, cooling it prior to bolus administration, or the
administration of a small dose of ketamine (0.5 mg/kg) prior
to the administration of propofol [226-230]. As noted above,
the co-administration of propofol and ketamine is being
more popular in the arena of procedural sedation. Since pro-
pofol has limited analgesic properties, ketamine and propo-
fol can be administered together to take advantage of the
analgesia provided by ketamine and the rapid recovery with
propofol.

Another issue with the lipid component of propofol is its
potential to serve as a viable growth media for bacteria with
reports of bacteremia and postoperative wound infections
linked to extrinsically contaminated propofol [231, 232].
The currently available propofol solutions contain a preser-
vative which should serve to limit these problems. The com-
mercially available propofol solutions contain either
disodium EDTA (ethylenediaminetetraacetic acid), sodium
metabisulfite, or benzyl alcohol as a preservative. Clinical
trials have raised concerns as to whether the physiologic
effects of these preparations are equivalent. Issues related to
their differential effects on airway reactivity have been previ-
ously discussed. The literature contains contrasting informa-
tion regarding the anesthetic potency of the two preparations.
A retrospective analysis of dose requirements during seda-
tion for MRI demonstrated a decreased potency of the
sodium metabisulfite propofol solution when compared to
the EDTA solution [233]. However, when compared using
depth of anesthesia monitoring (bispectral index), no differ-
ence in the cardiovascular or hypnotic effects of the solutions
was noted [234].

A more recent addition to the pharmacology arena is fos-
propofol, a prodrug that release propofol when metabolized.
As a prodrug of propofol, intravenous fospropofol is metabo-
lized by alkaline phosphatases to produce propofol, phos-
phate and formaldehyde [235, 236]. The primary advantage
of this new formulation includes its water solubility, the lack
of the need for the lipid vehicle and hence the elimination of
adverse effects related to it. When compared to propofol, the
onset of the clinical effect and recovery from fospropofol is
longer. Given that it is a prodrug and is metabolized follow-
ing intravenous administration, fospropofol produces a
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gradual increase in the plasma propofol concentration. This
is followed by a gradual decrease over time with a longer
effective time with a therapeutic blood concentration of pro-
pofol. These properties may be useful in clinical conditions
that do not require an immediate onset of action but rather a
more prolonged effect over time. Although the initial clinical
experience has been for procedural sedation, recent work has
also evaluated its efficacy in the ICU population [237, 238].
To date, there is no information regarding its use in the pedi-
atric age range.

Barbiturates

The barbiturates can be classified according to their chemical
structure or their duration of activity. The central ring struc-
ture varies in that it can contain a sulfur atom (thiobarbitu-
rates such as thiamylal and thiopental) or an oxygen atom
(oxybarbiturate such as methohexital). Short-acting agents
such as methohexital, thiopental, and thiamylal have a clini-
cal duration of action of 5-10 min. Long-acting agents with
half-lives of 612 h include pentobarbital and phenobarbital.
As with other intravenous anesthetic agents, the short dura-
tion of the effect following a single intravenous bolus results
from rapid redistribution and not from metabolism. The
short-acting barbiturates are used most commonly by intra-
venous, bolus administration for brief procedures such as
endotracheal intubation. In rare circumstances when a more
prolonged effect is needed either for sedation or other thera-
peutic effects, a continuous infusion of these agents is
required to maintain plasma concentrations. When this is
done, the determination of the offset time shifts from redis-
tribution to hepatic metabolism. As such, there will also be
markedly prolonged duration of action which is dependent
on the duration of the infusion.

The barbiturates were first introduced into clinical prac-
tice in the 1940s for the induction of anesthesia. Although a
generally safe and effective agent, many deaths were attrib-
uted to their profound negative inotropic effects which can
be exaggerated in patients with co-morbid cardiovascular
disease or in the setting of hypovolemia. These properties led
to a very high incidence of cardiac arrest in trauma patients
during World War II and the suggestion that the use of these
medications be abandoned. However, a better understanding
of the physiology and pharmacology of the short-acting bar-
biturates has led to their safe use over the past 50-60 years
for the induction of anesthesia. More recently, supply issues
have eliminated the use of the short-acting barbiturates such
as thiopental for the induction of anesthesia. These agents
are currently manufactured only in Italy and as these agents
are used for lethal injection in the United States, countries
such as Italy who do not condone such practices will not
export the barbiturates to the United States.
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Given their long history of clinical use and availability,
the intermediate acting barbiturates such as pentobarbital
remain a popular agent for sedation particularly during non-
invasive radiologic procedures such as computed tomogra-
phy or magnetic resonance imaging [239, 240]. Methohexital
has also been used via the rectal route to provide sedation
during non-invasive radiologic procedures such as CT imag-
ing [241, 242].

In the PICU setting, the barbiturates are rarely if ever used
for continuous sedation (see below). A more common reason
for their use is based on their beneficial physiologic effects
including decreased CMRO, with cerebral vasoconstriction
and decreased CBF leading to decreased ICP [243, 244]. The
barbiturates have also be used in the treatment of refractory
status epilepticus while animal studies have demonstrated
their potential to provide cerebral protection during periods
of cerebral hypoxia or hypoperfusion [245-248].

The role for and reports of the barbiturates for continuous
sedation in the pediatric patient during mechanical ventila-
tion is definitely limited [249, 250]. In these anecdotal
reports, pentobarbital was used when conventional agents
including the opioids and benzodiazepines had failed.
Despite their efficacy even during difficult sedation scenar-
ios such as the older patient during ECMO, a relatively high
incidence of adverse effects has been noted. Yanay et al. in a
retrospective review of pentobarbital sedation for eight PICU
patients noted that although pentobarbital provided effective
sedation and allowed the discontinuation of neuromuscular
blocking agents, there was a relatively high incidence of
adverse effects [251]. Adverse effects were noted in five of
the eight patients (62.5 %) and included blood pressure
instability (two of eight), oversedation (one of eight), and
neurologic sequelae (one of eight) including withdrawal phe-
nomena. These adverse effects led to discontinuation of the
drug in two of the eight patients.

The barbiturates’ effects on cardiorespiratory function are
dose-dependent. In healthy patients, sedative doses have lim-
ited effects on cardiovascular function, respiratory drive, and
airway protective reflexes, while larger doses, especially in
patients with co-morbid cardiac or respiratory compromise,
may result in respiratory depression, apnea or hypotension.
Hypotension results from both peripheral vasodilation and a
direct negative inotropic effect. The effects on cardiovascu-
lar and ventilatory function are additive with other agents
such as opioids. Additional concerns relate to the fact that
the barbiturate solution is alkaline leading to incompatibili-
ties with other medications and parenteral alimentation solu-
tions, thereby necessitating a separate infusion site. As the
pH of the barbiturate solution is high, local erythema and
thrombophlebitis can occur with subcutaneous infiltration.
The barbiturates possess no analgesic properties and there-
fore should be used with an opioid in situations requiring
analgesia. In some cases barbiturate dosing is associated
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with a paradoxical reaction associated with restlessness,
excitement and delirium. This effect can be reversed with the
oral or intravenous administration of caffeine [252].

Opioids

The opiates are a mainstay for alleviating pain in the PICU
patient and remain a commonly used agent to provide seda-
tion during mechanical ventilation. These agents are fre-
quently used secondary to their potent respiratory depressant
effects to blunt the endogenous respiratory drive, improve
patient-ventilator synchrony and thereby facilitate mechani-
cal ventilation. Opiates elicit their action by interactions
with mu, delta, and kappa receptors that are present through-
out the CNS and peripheral tissue [253]. Although these
agents provide analgesia, even with high doses (fentanyl
50-75 pg/kg) amnesia is not ensured.

Morphine is a frequently used as well as extremely effec-
tive agent for sedation and analgesia in the PICU setting.
Although concern has been expressed regarding the potential
neuroapoptotic and long-term effects of agents that are
GABA-agonists or NMDA-antagonists, the current data
demonstrates no concern regarding the long term neurocog-
nitive effects of morphine [254-257]. Morphine undergoes
glucuronidation in the liver that with the production of two
major metabolites, morphine-3-glucoronide and morphine-
6-glucuronide. The latter has significant analgesic properties
as well as respiratory depressant effects. Morphine metabo-
lites are excreted by the kidney and may therefore accumu-
late in patients with decreased renal function. Given its
dependence on hepatic metabolism, there may be a signifi-
cant prolongation of its effect and decreased clearance in the
preterm and term neonate related to maturational issues of
the hepatic microsomal enzymes.

As morphine has a decreased affinity for the opiate recep-
tor when compared to synthetic opiates (fentanyl), it results
in a lesser degree of tolerance thereby offering an advantage
over the commonly used synthetic opioids [258]. In a cohort
of infants requiring sedation and analgesia during ECMO
(mean duration of ECMO 4-5 days), morphine was found to
provide equivalent levels of sedation compared to fentanyl,
while decreasing the need for supplemental bolus doses of
opioid [259]. Infants receiving morphine had a lower inci-
dence of withdrawal (13 of 27 with fentanyl versus 1 of 11
with morphine, p<0.01) and were hospitalized for fewer
days after ECMO (31.1+ 14 versus 21.5+7.0 days, p=0.01).

Morphine’s cardiovascular effects include dilation of
the venous capacitance system and a modest decrease in
blood pressure. The latter may be exaggerated in patients
with decreased intravascular volume or co-morbid cardio-
vascular dysfunction. Historically, the venodilatory effects
of morphine have been used in adults with heart failure and
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pulmonary edema as a means of reducing venous return (pre-
load) thereby resulting in a decrease in left ventricular end-
diastolic volume and pulmonary congestion.

Infusions of 10-30 pg/kg/h have been shown to pro-
vide morphine plasma concentrations of 10-22 ng/mL and
effective analgesia and sedation during mechanical ventila-
tion after surgery for CHD, without impairing the ability to
wean mechanical ventilatory support [260]. However, when
comparing a morphine infusion of 10-30 pg/kg/h morphine
infusions to saline infusions in 898 preterm infants, mor-
phine infusions led to a significantly longer duration of
ventilation (7 days [4-20 days] versus 6 days [3-19 days],
p<0.01) [261].

Hydromorphone is a morphine derivative with a potency
eight to ten times that of morphine. It has a similar volume of
distribution and duration of action to morphine and also
undergoes glucuronidation metabolism. Unlike morphine,
hydromorphone does not cause histamine release thereby
limiting its potential to cause pruritus. As pruritus from mor-
phine appears to be particularly prevalent in the adolescent
and young adult population, in our clinical practice, hydro-
morphone is generally chosen as the first-line agent for
patient-controlled analgesia in these populations. Like mor-
phine, hydromorphone undergoes hepatic metabolism; how-
ever as its metabolites are inactive, it can be used in patients
with renal dysfunction.

In current clinical practice, the commonly used synthetic
opioids include fentanyl, sufentanil, alfentanil, and remifen-
tanil. Given their limited effects on myocardial function, the
synthetic opioids continue to be frequently used agents for
sedation during mechanical ventilation, especially in neo-
nates and infants. In patients with altered myocardial func-
tion or at risk for pulmonary hypertension such as an infant
with a large preoperative left-to-right shunt, the synthetic
opioids provide cardiovascular stability, beneficial effects on
pulmonary vascular resistance, and effective blunting of
sympathetic stress. Due to their prompt redistribution and
resultant short plasma half-lives following bolus administra-
tion, synthetic opioids are generally administered by a con-
tinuous infusion to maintain plasma concentrations adequate
to provide analgesia.

Fentanyl is the least expensive of the synthetic opioids
and the one with which there is the most clinical experience
in the PICU setting. On the other hand, remifentanil is the
most expensive of the synthetic opioids. Fentanyl, sufen-
tanil, and alfentanil are dependent on hepatic metabolism.
Specific clinical scenarios decrease hepatic metabolism
and thereby prolong the half-life of these agents including
immaturity of the hepatic microsomal enzymes as is seen in
term and especially preterm infants and decreased hepatic
blood flow which occurs following intra-abdominal proce-
dures. Although these agents are short-acting when admin-
istered as a single bolus dose, like midazolam they have a
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context sensitive half-life so that the duration of their effect
is prolonged when they are administered over an extended
period of time.

Remifentanil is unique among the synthetic opioids in
that it is metabolized by non-specific esterases in the plasma,
with a clinical half-life of 5-10 min and a brief duration of
effect even following 12-24 h of continuous infusion [262].
These pharmacokinetic parameters hold true even in the neo-
natal population, making remifentanil the only opioid whose
pharmacokinetics are not altered by gestational or chrono-
logic age [263]. Remifentanil is 150-200 times more potent
than morphine. Given these properties, it is a potentially use-
ful agent for providing a deep level of sedation and yet allow-
ing for rapid awakening upon discontinuation of the infusion
[264]. When comparing an analgesia-based sedation regi-
men (remifentanil infusion) to a standard hypnotic-based
regimen (midazolam infusion) in adult ICU patients, those
receiving remifentanil had a reduction in ventilator days
[265]. In contrast, a subsequent study demonstrated no dif-
ference in time to tracheal extubation when remifentanil/pro-
pofol was compared to fentanyl/propofol while patients in
the remifentanil group complained of more pain [266].

In the PICU, reports of remifentanil use are limited [267,
268]. Welzing et al. reported a pilot study involving 23 intu-
bated children who ranged in age from 3 months to 10 years
[267]. The sedation regimen was transitioned from fentanyl
and midazolam infusions to remifentanil and propofol dur-
ing the final stages of weaning from mechanical ventilation
[267]. When the remifentanil was discontinued, there was a
rapid transition from hypnosis to appropriate alertness with
regular spontaneous breathing. The patients underwent tra-
cheal extubation an average of 24 min (5-80 min) following
discontinuation of the remifentanil infusions. Similar effi-
cacy in providing a deep level of sedation and yet rapidly
allowing emergence from sedation and successful tracheal
extubation was reported in an anecdotal series of four pediat-
ric patients with potential airway issues [268].

Despite the preliminary successes with remifentanil,
issues to be considered include its cost, the potential for the
rapid development of withdrawal when the infusion is dis-
continued if patients are tolerant to other agents used for
sedation, and the rapid development of tolerance to remi-
fentanil which may necessitate rapid dose escalations. Work
in adult volunteers has demonstrated the development of
tolerance to remifentanil after only 60—90 min [269]. In the
clinical arena, this has translated into greater postoperative
opioid requirements when remifentanil is used intraopera-
tively and the need to escalate doses rapidly when remifen-
tanil is used for ICU sedation [270, 271]. The magnitude
of tolerance and the rate at which it develops appears to
be related more to the pharmacokinetics of the agent than
its potency, with tolerance developing more rapidly with
short-acting agents [271, 272].
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Two additional issues relevant to the synthetic opioids are
potential ICP effects and chest wall rigidity. In adult patients
with altered intracranial compliance, the administration of
fentanyl has been shown to result in a decrease in the mean
arterial pressure, an increase in ICP, and a decrease in CPP
[273]. The mechanism responsible for this effect has been
shown to be a reflex cerebral vasodilation in response to the
decrease in MAP [274]. When the mean arterial pressure is
maintained with a direct-acting vasoconstrictor, no change in
ICP is noted, thereby making these agents safe and effective
in patients with closed head injury and other pathologies that
may alter intracranial compliance.

Another adverse effect specific to the synthetic opioids
is chest wall rigidity [275, 276]. The incidence of chest wall
rigidity is related to the dose, rate of administration, and per-
haps the age of the patient. It is a centrally-mediated, idio-
syncratic reaction which, when severe, can interfere with
effective respiratory function. It can be reversed with nal-
oxone or interrupted with neuromuscular blocking agents.
However, both effects may take 1-2 min to work during
which time, profound hypoxemia can result in cardiovascu-
lar instability especially in the neonate. Although chest wall
rigidity is generally encountered when large doses of fen-
tanyl (50 pg/kg) administered at the time of anesthetic induc-
tion for cardiac surgery in adults, it has also been reported in
both term and preterm neonates at much lower doses [277,
278]. In the series reported by Fahnenstich et al., chest wall
rigidity followed by hypercapnia, hypoxemia, and then bra-
dycardia was noted following doses of 3—5 pg/kg [277]. In
two of the patients, endotracheal intubation was impossible
due to laryngospasm. Chest wall rigidity was reversed in less
than 1 min by the administration of naloxone (2040 pg/kg).
These examples suggest that in neonates it is particularly
important to adhere to dosing guidelines recommending that
these drugs be administered slowly and in small increments
while titrating to effect. Although chest wall rigidity is a rare
phenomenon, its occurrence should be considered if respi-
ratory dysfunction is noted following the use of synthetic
opioids.

Although administered most commonly via the intrave-
nous route, rare circumstances such as limited intravenous
access or drug incompatibilities may occur which preclude
intravenous administration. In such situations, the subcuta-
neous administration of opioids is feasible. Although used
most commonly in the control of chronic cancer pain, there
is anecdotal experience with the use subcutaneous opioid
infusions in the ICU setting [279, 280]. Bruera et al. success-
fully used subcutaneous opioids administered by intermittent
dosing or continuous infusions for a total of 60 patient days
in adult ICU patients [280]. The infusions were delivered
through a 25-gauge butterfly needle inserted subcutaneously
in the subclavicular area or the anterior abdominal wall. No
infectious complications were noted and the insertion site
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was changed only three times due to local problems such as
erythema. Although the authors expressed a theoretical con-
cern over possible delays in onset of activity or decreased
absorption in patients with decreased peripheral perfusion,
they noted no problems in their cohort. There is also anec-
dotal experience with the use of subcutaneous opioids in the
PICU population [71, 281, 282]. Dietrich and Tobias retro-
spectively reviewed the subcutaneous administration of fen-
tanyl in 24 PICU patients ranging in age from 2 weeks to
18 years [282]. The subcutaneous fentanyl infusions were
administered for 1.5-14 days when intravenous administra-
tion was not feasible due to lack of intravenous access or
drug incompatibilities. Opioids were given for the control of
postoperative pain, as a gradual weaning regimen following
prolonged opioid use, or for the provision of comfort during
the terminal stages of a disease.

Although generally safe and effective, as with other
agents, specific adverse effects on physiologic functions may
occur with opioids. Although these agents may affect cardio-
vascular and ventilatory function like many of the previously
described agents, an effect specific to the opioids is their
potential impact on immune function. This effect of opioids
and its mechanism remains poorly elucidated. Opioid recep-
tors have been found on immune cells that participate in the
inflammatory response. Binding of opioids to these receptors
decreases inflammation and may play some role in the con-
trol of acute pain by opioids. However, in specific circum-
stances, this effect may be deleterious. Increased viral loads
have been noted in patients with HIV infections who are
receiving methadone [283]. Opioids have also been shown to
modulate cytokine production and in an animal model, mor-
phine administration led to reduced reticuloendothelial cell
function, phagocytic count, phagocytic index, killing proper-
ties, and superoxide anion production [284, 285]. Further
studies are needed to further define these effects, their mech-
anisms, and most importantly their effect on the overall
immune health of the PICU patient.

Phenothiazines and Butyrophenones

The phenothiazines and butyrophenones are considered the
“major tranquilizers”. Their major clinical use is in the treat-
ment of psychiatric disturbances or for their anti-emetic
properties. Of the several agents available, haloperidol is the
agent that is chosen most frequently for the sedation of adult
patients in the ICU setting. Haloperidol acts through central
dopamine receptors. With intravenous administration, its
onset of action is within 10-20 min with a duration of action
of 12-24 h, given its long elimination half-life of 18-26 h
[286]. Although not approved by the United States” FDA for
intravenous administration, there is significant clinical expe-
rience with its use by this route [287]. Although not routinely
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used in the PICU setting, this class of agent still sees fre-
quent use for the control of delirium and psychosis in the
adult ICU population. Despite the limited number of studies
in the adult literature regarding the use of haloperidol for
ICU sedation, significant findings have included a decreased
incidence of withdrawal with higher cumulative doses of
haloperidol and even decreased mortality in patients receiv-
ing haloperidol [288-290]. Milbrandt et al. conducted a ret-
rospective review of 989 patients who required mechanical
ventilation for more than 48 h and compared outcomes
between patients who received haloperidol early on (within
48 h of the initiation of mechanical ventilation) and those
who did not [290]. Patients who received haloperidol had
lower in-hospital mortality (20.5 % versus 36.1 %, p=0.004).
These differences persisted even when adjusted for age,
comorbid features, severity of illness, degree of organ dys-
function, and admitting diagnosis. Because of the retrospec-
tive nature of the study and the potential risks associated
with haloperidol use (see below), the authors suggested that
prospective, randomized trials were needed before applying
this therapy routinely to all ICU patients.

There is only one report outlining the use of haloperidol
in the PICU setting [291]. Haloperidol was administered by
intermittent bolus dosing to five critically ill children, rang-
ing in age from 9 months to 16 years, who were difficult to
sedate despite escalating doses of benzodiazepines and opi-
oids. Haloperidol was administered as a loading dose of
0.025-0.1 mg/kg. The loading dose was repeated every
10 min until the patient was sedated. The total loading dose
required ranged from 0.09 to 0.25 mg/kg. This was followed
by doses of 0.015-0.15 mg/kg (daily maintenance dose of
0.06-0.45 mg/kg/day) administered every 8 h. Haloperidol’s
efficacy was demonstrated by reductions of opioid/benzodi-
azepine requirements, decreased need for supplemental
doses of sedative or neuromuscular blocking agents, and
improved clinical sedation. One patient developed an oculo-
gyric crisis (dystonic reaction), which resolved in 36 h with-
out therapy. The haloperidol had already been discontinued
in this patient.

Potential adverse effects associated with the butyrophe-
nones and phenothiazines include hypotension related to
peripheral a-adrenergic blockade with vasodilatation, dys-
tonic and extrapyramidal effects, lowering of the seizure
threshold, the neuroleptic malignant syndrome, and cardiac
arrhythmias including forsades de pointes due to effects
on repolarization. In the study by Riker et al. [289], one
of the eight patients developed atrial dysrhythmias, pro-
longation of the QT interval, and ventricular tachycardia.
The potential for cardiac dysrhythmias due to alterations in
repolarization may be exacerbated in patients with altered
sympathetic function related to fever, pain, or the stresses
of an acute illness. Similar issues may occur with other
drugs of this class including droperidol [292]. The US Food



50

and Drug Administration through a black box warning has
focused on the potential association of droperidol and post-
operative cardiac events including torsades de pointes in
adult patients [293].

Alpha,-Adrenergic Agonists

The physiologic effects of o,-adrenergic agonists are medi-
ated via stimulation of post-synaptic a,-adrenoceptors that
activate a pertussis toxin-sensitive guanine nucleotide regu-
latory protein (G protein), resulting in inhibitory feedback
and decreased activity of adenylyl cyclase [294, 295]. The
decreased intracellular concentration of cyclic adenosine
monophosphate (cAMP) and decreased cAMP-dependent
protein kinase activity results in the dephosphorylation of
various species of ion channels, which modifies ion translo-
cation and membrane conductance, resulting in decreased
neuronal activation providing sedation and anxiolysis [296,
297]. The centrally acting o,-adrenergic agonists also acti-
vate receptors in the medullary vasomotor center, thereby
reducing norepinephrine turnover and decreasing central
sympathetic outflow resulting in alterations in sympathetic
function and decreased heart rate and blood pressure.
Additional effects result from the central stimulation of para-
sympathetic outflow and inhibition of sympathetic outflow
from the locus cereleus in the brainstem. The latter effect
plays a prominent role in the sedation and anxiolysis pro-
duced by these agents, as decreased noradrenergic output
from the locus cereleus allows for increased firing of inhibi-
tory neurons, including the GABA system resulting in seda-
tion and anxiolysis [298-300]. This effect is quite distinct
from other agents commonly used for ICU sedation (benzo-
diazepines, barbiturates, propofol, and the volatile anesthetic
agents). The EEG pattern and quality of sedation produced is
similar to what occurs during non-REM sleep [300]. The
lack of non-REM sleep with the prolonged use of other seda-
tive agents is one of the physiologic factors that may lead to
delirium during prolonged ICU stays. In the adult popula-
tion, the presence of delirium has been linked to increased
mortality especially in the elderly population. Aside from
their sedative properties, the a,-adrenergic agonists also pro-
vide some degree of analgesia or potentiation of opioid-
induced analgesia through the regulation of substance P in
the dorsal horn of the spinal cord.

Although initially introduced for the treatment of hyper-
tension, the sedative, anxiolytic, and analgesic effects of
clonidine have made it a useful agent as a premedicant for
the operating room, to supplement caudal and epidural anal-
gesia, as an adjunct to opioid-induced analgesia during the
postoperative period, and for ICU sedation [301-306].
Although initially available only in tablet formulation, cloni-
dine is now available both as a transdermal patch and as a
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preparation that is suitable for intravenous or neuraxial
administration. Ambrose et al. evaluated the sedative and
hemodynamic effects of a continuous clonidine infusion
added to a midazolam infusion in a cohort of 20 PICU
patients [305]. A continuous clonididne infusion at 1 p/kg/h
added to the midazolam infusion did not result in significant
changes in heart rate, blood pressure or cardiac index. An
increase in the infusion to 2 pg/kg/h was necessary in 2 of
the 20 patients to provide adequate sedation. Arenas-Lopez
et al. used enteral clonidine (3-5 pg/kg every 8 h) as an
adjunct to intermittent doses of morphine and lorazepam for
sedation during mechanical ventilation in 14 children [306].
Adequate sedation was achieved during 82 % of the study
period with an overall decrease in the average hourly require-
ments for both lorazepam and morphine. No adverse effects
were noted.

More recently, dexmedetomidine has been released for
clinical use. Like clonidine, it is a centrally-acting, o,-
adrenergic agonist and exhibits the same physiologic effects.
However, it possesses an affinity eight times that of clonidine
for the a,-adrenergic receptor, a differential «; to o, agonism
of 1:1,600, and a half-life of 2 h, thereby allowing its titration
by intravenous administration. Dexmedetomidine is cur-
rently approved by the United States FDA for two indica-
tions in adults including the short-term (24 h or less) sedation
of adult patients during mechanical ventilation and for moni-
tored anesthesia care. In healthy adult volunteers, the phar-
macokinetic profile of dexmedetomidine includes a rapid
distribution phase with a distribution half-life of approxi-
mately 6 min, an elimination half-life of 2 h, and a steady-
state volume of distribution of approximately 1.33 I/kg [307].
Dexmedetomidine exhibits linear kinetics and is 94 % pro-
tein bound. Protein binding and plasma clearance are similar
between adults and children, thus similar infusion rates may
be used [308]. Children less than 2 years of age have a larger
volume of distribution at steady state suggesting that a large
loading dose may be needed [309]. Dexmedetomidine is
extensively metabolized in the liver through glucuronide
conjugation and biotransformation in the cytochrome P,s,
system. Hepatic clearance may be decreased by as much as
50 % in patients with severe hepatic dysfunction. Although
renal impairment does not seem to alter pharmacokinetics, a
potentiation of its effect may occur in patients with severe
renal disease related to decreased protein binding and an
increased free fraction of the drug [310].

Clinical trials in adult ICU patients have demonstrated
the efficacy of dexmedetomidine in the provision of seda-
tion during mechanical ventilation [307, 311, 312].
When compared with placebo in 119 adult patients who
required mechanical ventilation following cardiac and
general surgical procedures, patients receiving dexme-
detomidine required 80 % less midazolam and 50 % less
morphine [307]. Riker et al. compared dexmedetomidine
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(0.2-1.4 pg/kg/h) to midazolam (0.02-0.1 mg/kg/h) in 375
medical/surgical adult ICU patients that required sedation
for mechanical ventilation [311]. There was no difference in
the time spent at the targeted RASS scores; however, there
was a decrease in the prevalence of delirium (54 % versus
76.6 %) and a decrease in the time to tracheal extubation
(3.7 days versus 5.6 days) in the patients that received dex-
medetomidine. Although the patients treated with dexme-
detomidine were more likely to develop bradycardia, they
also had a lower likelihood of tachycardia or hypertension
requiring treatment.

There are fewer prospective trials evaluating dexme-
detomidine in pediatric-aged patients. In a prospective
trial of infants and children requiring mechanical ventila-
tion for respiratory failure, dexmedetomidine at a dose of
0.25 pg/kg/h was equivalent to midazolam at 0.22 mg/kg/h,
while a dose of 0.5 pg/kg/h of dexmedetomidine was more
effective than midazolam [313]. The efficacy of dexmedeto-
midine was demonstrated by a decreased need for supplemen-
tal morphine, as well as a decrease in the number of Ramsay
scores of 1 exhibited by the patients. Dexmedetomidine was
less effective in patients less than 6—12 months of age given
that five of the six patients who exhibited a Ramsay score
of 1 during dexmedetomidine use were less than 12 months
of age. Various other investigators have demonstrated the
efficacy of dexmedetomidine in various sedation scenarios
in the PICU setting. However, the majority of these have
been retrospective with a limited number of head-to-heard
comparison with commonly used agents [314-316]. Of not
is that there have been episodes of bradycardia in specific
patients enrolled in these studies. During the postoperative
period following cardiac surgery, this may result in the need
for use of epicardial pacing. Although dexmedetomidine
was more effective than their usual regimen with less depres-
sion of ventilator function, Hosokawa et al. noted that the
frequency of bradycardia or hypotension was significantly
higher in the dexmedetomidine group (21.4 % compared to
8.2 % in the usual sedation group) [314]. This required inter-
vention in 5.3 % of patients.

Despite its efficacy, dexmedetomidine can have deleteri-
ous effects on ventilatory and cardiovascular function. The
current literature regarding its effects on respiratory function
is somewhat divergent depending on the dose administered
and the method of assessing ventilatory function. Hall et al.
noted no clinically significant change in ETCO,, oxygen
saturation, and respiratory rate with the administration of a
bolus dose of dexmedetomidine (0.6 pg/kg) followed by an
infusion (0.2-0.6 pg/kg/h), whereas Belleville et al. noted a
depression of the slope of the CO, response curve and a
decrease in minute ventilation at an ETCO, of 55 mmHg fol-
lowing a bolus dose of 2 pg/kg [317, 318]. Belleville et al.
also noted irregular breathing patterns and short periods of
obstructive apnea in some of the patients [318].
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Adverse hemodynamic effects including hypotension
and bradycardia effects have also been reported. Many of
these events occur with the use of higher doses or during
bolus dosing [319, 320]. Peden et al. reported that two
patients in their study who received dexmedetomidine expe-
rienced brief episodes of sinus arrest following laryngos-
copy and propofol administration [319]. These findings
suggest that specific procedures (laryngoscopy), clinical
scenarios (hypothermia) or medications (propofol, fentanyl,
digoxin) may potentiate the vagotonic effects of dexmedeto-
midine. However, in specific clinical scenarios, the negative
chronotropic and sympatholytic effects may be beneficial.
In a cohort of 41 adult patients during vascular surgery,
there was less tachycardia and decreased norepinephrine
levels during emergence from anesthesia in patients receiv-
ing dexmedetomidine [320]. Other investigators have used
the negative chronotropic effects as a therapeutic maneuver
to treat arrhythmias following surgery for congenital heart
disease [321].

The clinical experience with the use of the a,-adrenergic
agonist, dexmedetomidine, for sedation of the pediatric pop-
ulation continues to increase. Aside from its beneficial seda-
tive properties, additional beneficial end-organ effects have
been reported. Preliminary data in animal and human studies
demonstrate beneficial effects on cerebral dynamics includ-
ing a decrease in cerebral blood flow, CMRO,, and ICP
[322-324]. However, given the potential effects on mean
arterial pressure, decreases in CPP may occur. Like the bar-
biturates, propofol, and the inhalational anesthetic agents,
animal data suggest that dexmedetomidine may provide
some degree of cerebral protection during periods of global
or regional cerebral ischemia [325-327]. The data in animals
regarding its effects on the seizure threshold are mixed
depending on the provocative agent and the type of animal
studied with two studies suggesting a lowering of the seizure
threshold and two studies suggesting an anticonvulsant effect
[328-331].

Ongoing experience suggests that dexmedetomidine may
be an effective agent for sedation during non-painful proce-
dures such as MR or CT imaging, either as a primary agent
or as a rescue agent when other agents fail. Its limited effects
on ventilatory function may be particularly efficacious espe-
cially when comparing it to other commonly used agents
such as propofol. Koroglu et al. randomized 80 children
(1-7 years of age) to dexmedetomidine or midazolam during
MR imaging [332]. Dexmedetomidine was administered as
a loading dose of 1 pg/kg over 10 min followed by an infu-
sion of 0.5 pg/kg/h while midazolam was administered as a
loading dose of 0.2 mg/kg followed by an infusion of
6 pg/kg/h. The quality of sedation was better and the need
for rescue sedation was less (8 of 40 versus 32 of 40) with
dexmedetomidine compared to midazolam. Similar efficacy
was reported in an open label trial of dexmedetomidine for
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sedation during MR imaging in 48 pediatric patients ranging
in age from 5 months to 16 years who had failed sedation
with alternative agents [333]. A second study by Koroglu
et al. randomized 60 children to dexmedetomidine or propo-
fol during MR imaging [334]. Although both of the agents
were equally effective in providing sedation, propofol pro-
vided shorter induction times, recovery times, and discharge
times. However, adverse effects including hypotension and
oxygen desaturation were more common with propofol.
Oxygen desaturation requiring intervention including a chin
lift, discontinuation of the infusion or supplemental oxygen
occurred in 4 of 30 children receiving propofol versus 0 of
30 receiving dexmedetomidine. Given its limited analgesic
effects, dexmedetomidine may not to be the ideal agent
when used alone for painful procedures. However, anecdotal
experience suggests that a combination of dexmedetomidine
with ketamine may be effective in such scenarios [335]. In
addition to having opposite effects on HR and BP, dexme-
detomidine has been shown to blunt emergence phenomena
from ketamine [336].

Chloral Hydrate

Chloral hydrate was first synthesized in 1832 and remains a
popular for procedural sedation [337]. Its ongoing popularity
may relate to its ease of administration by either the oral or
rectal route, healthcare provider’s experience and familiarity
with it, and misconceptions regarding its margin of safety.
Following oral or rectal administration, it is rapidly absorbed
with a high bioavailability. It undergoes hepatic metabolism
to trichloroethanol (TCE), its active component. Although
generally effective for non-painful radiologic procedures,
repeated dosing in the ICU setting can lead to excessive and
prolonged CNS depression due to a variable half-life ranging
from 9 to 40 h, as well as the accumulation of active metabo-
lites [338]. These issues have resulted in recommendations
of caution against its repetitive dosing from the American
Academy of Pediatrics [339].

In addition to these concerns, like all of the sedative/
analgesic agents that have been discussed in this chapter,
respiratory and cardiovascular depression may occur with
chloral hydrate. Despite the misconception that this agent
is devoid of such adverse effects, apnea can occur with
chloral hydrate and appropriate monitoring should always
be used [340].

Chloral hydrate is relatively contraindicated in neonates
given its competition with bilirubin for protein binding sites.
Additionally, the active metabolite, trichloroethanol, is
related to the halogenated hydrocarbons and may cause ven-
tricular arrhythmias especially in patients at risk for such
problems (tricyclic antidepressant ingestions) [341, 342].
Given these issues, chloral hydrate has a limited role in
sedation in the PICU setting.
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Conclusions

Due to the wide array of patients, ages, and clinical sce-
narios in the PICU population, a cookbook approach to
sedation and analgesia is neither feasible nor desirable.
As no single agent will be effective in all patients and all
scenarios, those who provide care in this environment
must be facile with the use of a wide array of sedative and
analgesic agents. Furthermore, knowledge of the pharma-
cokinetics of these agents and their adverse effect profile
is needed. In most scenarios, sedation is initiated with
either a benzodiazepine or an opioid. There is an abun-
dance of clinical experience with midazolam in the PICU
population, although lorazepam may provide an effective
alternative with a longer half-life and more predictable
pharmacokinetics without the concern of active metabo-
lites. However, there are limited reports regarding its use
in the PICU population and with high dose infusions or its
use in neonates and infants, there may be concerns regard-
ing the diluent, propylene glycol. Although fentanyl is
frequently chosen because of its lack of hemodynamic
effects, morphine is an effective alternative. Preliminary
data suggest that the development of tolerance may be
slower and that there may be fewer issues with withdrawal
than with fentanyl. Morphine’s safety in the neonatal pop-
ulation has been evaluated and long-term follow-up stud-
ies have demonstrated no adverse CNS developmental
effects from its use in neonates and infants.

When the above agents fail or lead to adverse effects,
alternatives include ketamine, pentobarbital, or dexme-
detomidine. Ketamine may be useful for the patient with
hemodynamic instability or with increased airway reac-
tivity as a component of their disease process. To date,
there are limited reports regarding the use of pentobarbi-
tal in the PICU with recent concerns being raised regard-
ing a high incidence of adverse effects associated with its
use. Propofol has gained great favor in the adult popula-
tion as a means of providing deep sedation while allowing
for rapid awakening. Similar beneficial properties are
achieved in the pediatric-aged patient; however, its use is
not recommended given its association with the “propofol
infusion syndrome”. As the pediatric experience increases,
it appears that there will be a role for newer agents such as
dexmedetomidine. Suggested starting guidelines for sed-
ative and analgesic agents are listed in Table 3.5.

Regardless of the scenario and agent chosen, adverse
effects on physiologic function may occur with the use of
sedative and analgesic agents. Therefore, close monitor-
ing of a patient’s physiologic function is mandatory when
sedative and analgesia is provided. There is also an
increased understanding and recognition of withdrawal
syndromes which may occur following the prolonged
administration of sedative and analgesic agents. Strategies
should be implemented to identify those patients at risk
for withdrawal with appropriate interventions to prevent
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Table 3.5 Suggested guidelines for dosing of sedative and analgesic agents
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Modulates stress response and pulmonary vascular resistance
Short-half due to esterase metabolism, rapid development of tolerance, cost issues
Inexpensive, venodilation, delayed onset of tolerance compared to fentanyl

Limited clinical experience, inexpensive, metabolism: glucuronyl transferase, potential issue with

Endogenous catecholamine release, bronchodilation, cardiovascular stability
Incompatible with other medications, vasodilation/negative inotropic effects
Rapid awakening, high lipid content of solution, not recommended due to potential association

Agent Dose Comments
Fentanyl 2-3 pg/kg/h
Remifentanil 0.1-0.3 pg/kg/min
Morphine 10-30 pg/kg/h
Midazolam 0.05-0.15 mg/kg/h  Abundant clinical experience, P,s5, metabolism
Lorazepam 0.025-0.05 mg/kg/h
propylene glycol
Ketamine 1-2 mg/kg/h
Pentobarbital 1-2 mg/kg/h
Propofol 1-3 mg/kg/h
with propofol infusion syndrome
Haloperidol 0.06-0.45 mg/kg/day

Dexmedetomidine 0.25-0.75 pg/kg/h

Limited clinical experience, potential for cardiac arrhythmias
FDA approved for short term (24 h) sedation in adults; limited clinical data in pediatric population

The infusion rates are suggestions for starting doses. The actual infusion rate should be titrated up or down based on the patient’s actual
requirements

its occurrence. These may include a gradual tapering of
the infusion rate or switching to oral or subcutaneous
administration. As this is an increasing problem in the
PICU setting, newer strategies to prevent its occurrence
such as the use of NMDA antagonists or rotating sedation
regimens warrant further investigations. With such cave-
ats in mind, we can continue to strive to provide effective
sedation and analgesia for all of our patients.
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Abstract

As clinicians in the Pediatric ICU, we have become increasingly aware of the potential
adverse effects related to inadequate sedation and poor pain control. These concerns com-
bined with ongoing humanitarian needs to provide appropriate sedation and analgesia dur-
ing critical illness have led to the increased use of sedative and analgesic agents. These
initiatives have also led to new consequences that must be addressed including physical
dependency, tolerance, and withdrawal. Strategies are needed to identify those patients at
risk for withdrawal followed by appropriate interventions to prevent or treat it. These may
include a gradual tapering of the infusion rate or switching to oral or subcutaneous admin-
istration. As this is an increasing problem in the PICU setting, newer strategies to prevent
its occurrence such as the use of NMDA antagonists or rotating sedation regimens warrant
further investigations. With these caveats in mind, the goal of providing effective and safe
sedation and analgesia for all of our patients is within reach.

Keywords
Withdrawal » Tolerance * Physical dependency * Methadone ¢ Opioids * Benzodiazepines

Introduction

As clinicians in the Pediatric Intensive Care Unit (PICU), we
have become increasingly aware of the potential adverse
effects related to inadequate sedation and poor pain control.
Clinical investigations have demonstrated significant delete-
rious physiologic effects of untreated pain [1-3]. These con-
cerns combined with ongoing humanitarian needs to provide
appropriate sedation and analgesia during critical illness
have led to the increased use of sedative and analgesic agents.
Despite the benefits of such care, these initiatives have also
led to new consequences that must be addressed including
physical dependency, tolerance, and withdrawal. As our
understanding of these processes increases, it is evident that
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these concerns require definition and effective prevention
and treatment strategies.

Tolerance, Physical Dependency and
Withdrawal

An appropriate place to begin the development of an effec-
tive approach to the patient with tolerance and physical
dependency is a consensus on definitions of these terms
(Table 4.1) [4, 5]. Tolerance is a decrease in a drug’s effect
over time or their requirement of dose escalations to achieve
the same level of sedation or analgesia. Tolerance is related
to changes at or distal to the receptor, generally at the cel-
lular level (see below). Tolerance can be divided into sub-
categories: (1) innate tolerance —a genetically predetermined
lack of sensitivity to a drug, (2) pharmacokinetic or disposi-
tional tolerance — changes in a drug’s effect because of
alterations in its distribution or metabolism, (3) learned tol-
erance — a reduction in a drug’s effect related to learned or
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Table 4.1 Definitions

Tolerance A decrease in a drug’s effect over time or the
need to increase the dose to achieve the same
effect. Tolerance is related to changes at or distal

to the receptor, generally at the cellular level
Withdrawal The physical signs and symptoms that manifest
when the administration of a sedative or analgesic
agent is abruptly discontinued or
pharmacologically reversed in a patient who is
physically tolerant
Physical
dependency

The physiological or biochemical adaptions
which occur and require the continued
administration of a sedative or analgesic agent to
prevent the clinical signs of withdrawal
Psychological
dependency
Addiction

The need for a substance because of its euphoric
effects

A complex pattern of behaviors characterized by
the repetitive, compulsive use of a substance
related to psychological dependence or cravings
due to the euphoric or psychedelic effects of a
drug. Frequently associated with antisocial or
criminal behavior to obtain the drug, and a high
incidence of relapse after treatment

Tachyphylaxis ~ Rapid loss of a drug’s effect caused by

compensatory physiologic or biochemical
mechanisms frequently related to exhaustion of
neurotransmitters, activation of antagonistic
systems, or enzyme changes

compensatory mechanisms (learning to walk a straight line
while intoxicated by repeated practice), and (4) pharmaco-
dynamic tolerance [3-5] With pharmacodynamic tolerance,
although the plasma concentration of the drug remains con-
stant, there is a decreased effect. For the purpose of this dis-
cussion the terms tolerance and pharmacodynamics
tolerance will be considered synonymous as the other issues
are not as relevant when considering the PICU patient.
Withdrawal refers to the clinical signs and symptoms that
occur when a sedative or analgesic agent is abruptly discon-
tinued or pharmacologically reversed in a tolerant patient.
The symptomatology of withdrawal varies significantly,
being affected by several factors including the agent that has
been administered and patient factors such as age, cognitive
state, associated medical conditions and co-morbid states.
When discussing dependency, a distinction must be made
between physiologic dependency (otherwise known as
physical dependency) and psychological dependency
(Table 4.1). Addiction is a complex pattern of behaviors
characterized by the repetitive, compulsive use of a sub-
stance, frequently associated with antisocial or criminal
behavior to obtain the drug, and the continued use of the
drug despite its harmful physiologic effects. With addiction,
there is a high probability of relapse after treatment.
Psychological dependency and addiction are extremely rare
after the appropriate use of sedative or analgesic agents to
treat pain or to relieve anxiety in the PICU setting.

J.D. Tobias

History

Recognition of the problems of opioid dependency and with-
drawal were first encountered in the 1970s and 1980s in infants
of drug-addicted mothers [6, 7]. Although the origin of the
problem was different, these reports provided valuable infor-
mation on which some strategies were built for dealing with
similar problems in the PICU. The reports from the 1970s and
1980 have provided starting points for both pharmacologic
treatment regimens as well as scoring systems. The latter
were initially used to grade the severity of withdrawal and
then later to evaluate the efficacy of the treatment regimens.
Reports of dependency and withdrawal in the PICU ini-
tially involved opioids and were centered around the most
critically ill patients, including children requiring extracor-
poreal membrane oxygenation (ECMO) as well as infants
who required prolonged courses of mechanical ventilation
following surgery for congenital heart disease [8—10]. In a
retrospective review that included a cohort of 37 neonates
who were sedated with fentanyl during ECMO for respira-
tory failure, Arnold et al. sought to identify the signs and
symptoms of the neonatal abstinence syndrome (NAS) and
the risk factors for its occurrence [8]. The investigators
noted that the fentanyl infusion requirements to achieve the
desired level of sedation increased from 11.6+6.9 pg/kg/h
onday 1 to 52.5+19.4 pg/kg/h on day 8. The increased infu-
sion requirements correlated with an increase in the plasma
fentanyl concentration, thereby demonstrating pharmaco-
dynamic and not pharmacokinetic tolerance. The incidence
of NAS correlated with both the total fentanyl dose and
the duration of the infusion, but not the peak infusion rate.
Risk factors for NAS included a cumulative fentanyl dose
>1.6 mg/kg or an ECMO duration (fentanyl infusion dura-
tion) >5 days (odds ratio of 7 and 13.9, respectively). In that
same year, the first protocol using oral methadone for opioid
withdrawal after the prolonged administration of fentanyl in
the PICU was published [10]. Although the report focused
on the use of oral methadone, the three infants reported dem-
onstrated the problem of opioid tolerance, dependency, and
withdrawal in a PICU population that was older and who had
different medical/surgical problems (post cardiac surgery
patients) from those reported by Arnold et al. Subsequent
reports demonstrated withdrawal from other agents used for
prolonged sedation in the PICU, including benzodiazepines,
barbiturates, propofol, dexmedetomdine, chloral hydrate, and
even the inhalational anesthetic agents (Table 4.2) [11-26].

Mechanisms of Tolerance
When considering the mechanisms of tolerance, there has

been considerable investigation and subsequent information
acquired regarding opioid therapy, including mechanisms of
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Table 4.2 Tolerance, physical dependency and withdrawal from sedative and analgesic agents

Authors and reference Agent
Arnold et al. [8]

Description and key findings
Fentanyl Initial report in ECMO population. Risk factors identified including total fentanyl dose >1.5 mg/
kg and ECMO duration >5 days

Fentanyl infusion requirements increased from 9.2+1.9 pg/kg/h on day 1 to 21.9+4.5 pg/kg/h on

day 6. As in their previous study, they are noted an increase in the plasma fentanyl concentration

Arnold et al. [9] Fentanyl

from 3.1+1.1 ng/mL on day 1 to 13.9+3.2 ng/mL on day 6

Tobias et al. [10] Fentanyl

congenital heart disease

Sury et al. [11] Midazolam

Anecdotal report of the use of fentanyl to treat withdrawal in 3 infants following surgery for

Anecdotal report of 3 children with after prolonged sedation with a continuous infusion of

midazolam for 7, 14, and 17 days at mean infusion rates of 0.17, 0.22, and 0.56 mg/kg/h. The
infusions were stopped without tapering the infusion rate. Withdrawal symptoms included visual
hallucinations, combative behavior, and seizures

van Engelen et al. [12] Midazolam

Two pediatric patients. Withdrawal after midazolam infusions of 12 and 29 days. Symptoms

included agitation, tachycardia, hyperpyrexia, and vomiting

Fonsmark et al. [13] Midazolam and

Series of 40 children who received sedation with midazolam, pentobarbital, or a combination of
the two. Withdrawal occurred in 14 of 40 patients (35 %). Risk factors included a cumulative

midazolam dose >60 mg/kg or a cumulative pentobarbital dose >25 mg/kg

pentobarbital
Tobias et al. [14] Pentobarbital
Imray et al. [17] Propofol

Pentobarbital withdrawal following prolonged sedation in a 17-month-old child
Propofol withdrawal in a 10-month-old girl who required mechanical ventilatory support for

2 weeks. When the propofol was discontinued, the patient exhibited “generalized twitching and

jitteriness”
Arnold et al. [20] Volatile anesthetic

agents (isoflurane)

Honey et al. [25] Dexmedetomidine

Withdrawal in 5 of 10 pediatric patients who received isoflurane for sedation during mechanical
ventilation. These five patients had received more than 70 MAC-hours

Neurologic issues were noted in 4 of 36 patients following dexmedetomidine infusions. Adverse

events were more likely when the cumulative dose was >8.5 pg/kg

Da Silva et al. [26] Chloral hydrate

33-month-old with 40 days of chloral hydrate sedation (daily dose of 120-200 mg/kg/day).

Withdrawal treated with clonidine

action, hyperalgesia and tolerance [5, 27]. Although there
remains a paucity of data regarding the mechanisms respon-
sible for withdrawal from other sedative agents, many of the
intracellular mechanisms and physiologic processes may
share similarities with the opioids [4]. Tolerance results pri-
marily from two mechanisms: (1) receptor desensitization
and (2) the upregulation of the cAMP pathway [28, 29].
Other mechanisms that may play a role include neuroim-
mune activation, the production of antiopioid peptides, and
the spinal dynorphin system [4, 27]. Several mechanisms
have been proposed to explain receptor desensitization
(Table 4.3) [30-35]. Likewise, there are varied proposed
mechanisms responsible for the upregulation of the cAMP
pathway (Table 4.4) [28, 29, 36-38]. Many of these effects
and those that lead to the intracellular changes that result in
tolerance are the result of neuronal protein kinases includ-
ing secondary messenger dependent protein kinases such as
calcium/calmodulin-dependent protein kinase II or protein
kinase A and G protein—coupled receptor kinases (GRKs).
Activation of the protein-kinase systems phosphorylates opi-
oid receptors resulting in altered function of the ion channels.
Regulation of the induction and function of the protein-
kinase systems is dependent on the interactions of the opioid
receptors and non-opioid excitatory systems including gluta-
mate and the NMDA system, y-amino butyric acid (GABA)
A, and the a,-adrenergic system.

Table 4.3 Mechanisms of receptor desensitization

1. Down-regulation of opioid receptors [30]
2. Receptor internalization mediated via the p-arrestin system [31, 32]
3. Opioid receptor uncoupling from inhibitory G proteins (G;) [33]

4. Increased cytoplasmic nitric oxide via induction of nitric oxide
synthetase [34]

5. Altered activity of non-G; proteins [35]

Table 4.4 Mechanisms involved in the upregulation of the cAMP
pathway

1. Increased activity of adenylate cyclase supersensitization of AC [29]
2. Opioid receptor coupling and interactions with Gs proteins [36]

3. Upregulation of spinal glucocorticoid receptors [28, 37, 38]

(a) Mediated through cAMP response element-binding (CREB)
protein—dependent pathway with activation of protein kinase
Cy (PKCy) and alteration of the N-methyl-d-aspartate
(NMDA) pathway

Clinical Signs and Symptoms of Withdrawal

The first step in the development of strategies to provide
treatment of tolerance and related problems is a means to
allow the accurate identification and recognition of the prob-
lem. Scoring systems may be helpful in the management of
patients presenting with signs and symptoms of withdrawal,
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Table 4.5 Signs and symptoms of withdrawal

1. CNS manifestations
(a) Increased irritability
(b) Decreased sleep
(c) Inability to concentrate
(d) Tremulousness
(e) Hyperactive deep tendon reflexes
(f) Clonus
(g) Frequent yawning
(h) Sneezing
(i) Delirium
(j) Hypertonicity
(k) High-pitched cry
(1) Exaggerated Moro reflex
(m) Seizures
(n) Visual and auditory hallucinations
2. GI manifestations
(a) Emesis
(b) Diarrhea
(c) Feeding intolerance
3. Activation of the sympathetic nervous system
(a) Tachycardia
(b) Hypertension
(c) Dilated pupils
(d) Tachypnea
(e) Nasal stuffiness
(f) Sweating
(g) Fever

not only in identifying the behaviors or withdrawal, but also
in grading its severity and judging the response to therapy.
Regardless of the scoring system that is used, the clinical
signs and symptoms are generally confined to the CNS, the
gastrointestinal tract, and the sympathetic nervous system
(Table 4.5). Of note is the overlap between the signs and
symptoms of withdrawal and other serious illnesses that may
arise in the PICU setting, including sepsis, psychosis, delir-
ium, necrotizing enterocolitis, and altered cerebral perfusion.
These and other conditions which can manifest similar clini-
cal signs and symptoms must be investigated and ruled out
before concluding that the patient’s symptoms are the result
of withdrawal. Although many of the signs and symptoms of
withdrawal are the same regardless of the agent, there may be
subtle differences depending on the specific agent. The time
to the onset of withdrawal symptoms varies depending on the
half-life of the agent and the half-life of active metabolites,
which may be several times longer than the parent compound.

Initially, care of patients with withdrawal relied on the use
of scoring systems such as the Finnegan score that were devel-
oped for neonates born to drug-addicted mothers. However,
it soon became apparent that such systems were not applica-
ble to the older PICU population [27]. These concerns were
echoed by Ista et al. in their review of the withdrawal scoring
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Table 4.6 Sedation Withdrawal Score (SWS) designed by Cunliffe M

1. Central nervous system
(a) Tremor
(b) Irritability
(c) Hypertonicity
(d) High pitched cry
(e) Convulsions
(f) Hyperactivity
2. Gastrointestinal system
(a) Vomiting
(b) Diarrhea
3. Autonomic nervous system
(a) Fever
(b) Sweating
(c) Sneezing
(d) Respiratory rate
Based on data from Cunliffe et al. [40]

systems applicable to the PICU patient [39]. They noted that
only two were directed toward the PICU population. The first
of these was the Sedation Withdrawal Score (SWS) which
assigned 0-2 points for 12 different withdrawal behaviors
thereby resulting in a maximum score of 24 (Table 4.6)
[40]. The authors recommended using the system to grade
the severity of withdrawal as well as a means to decide on
weaning the current regimen (0-6 wean, 6-12 no change,
12—-18 revert to previous regimen, more than 18 re-evaluate
plan). However, Ista et al. noted that the scale had not been
validated in children and that there are no data regarding its
sensitivity, specificity, validity, and reliability. The second
scale identified in the review by Ista et al. was the Opioid
and Benzodiazepine Withdrawal Scale (OBWS) developed
by Franck et al., which uses a 21 item checklist that evaluates
16 specific withdrawal behaviors (Table 4.7) [41]. A score
>8 is considered indicative of withdrawal. An evaluation of
the OBWS using 693 assessments in 15 children, varying in
age from 6 weeks to 28 month, demonstrated a sensitivity of
only 50 % with a specificity of 87 %. The predictive value in
terms of positive and negative ratios was 4.0 and 0.57 (con-
sidered moderate for a diagnostic tool) while the inter-rater
reliability was acceptable at 0.8.

Because of these issues, Ista et al. noted that a better scale
was necessary in the PICU population. Using data from their
previous review, they developed their own withdrawal scale
[42]. The scale included all of the behaviors in the literature
reported as manifestations of withdrawal in the pediatric-aged
patient. From this, they developed the Sophia Benzodiazepine
and Opioid Withdrawal Checklist (SBOWC) which included
24 withdrawal symptoms (Table 4.8) [42]. Over a 6 month
period, 2,188 individual observations were collected in 79
children within 24 h of discontinuing sedative and/or analge-
sic medication. They noted that specific symptoms including
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Table 4.7 Opioid and Benzodiazepine Withdrawal Scale (OBWS)

1. Central nervous system
(a) Crying or agitation
(b) Sleeplessness
(c) Movement disorder
(d) Hallucinations
(e) Exaggerated Moro
2. Gastrointestinal system
(a) Vomiting
(b) Diarrhea
3. Autonomic nervous system
(a) Temperature instability
(b) Respiratory rate
(c) Diaphoresis
(d) Sneezing
(e) Dilated pupils
(f) Yawning
4. Miscellaneous
(a) Nasal congestion or stuffiness
(b) Frequent need for suctioning

Reprinted from Franck et al. [43]. With permission from Elsevier

agitation, anxiety, muscle tension, sleeping for less than 1 h,
diarrhea, fever, sweating, and tachypnea were observed most
frequently. Twenty-three observations were scored simulta-
neously and resulted in an inter-observer correlation coef-
ficient of 0.85 with a range of 0.59-1.0 for the individual
items. However, they did not come up with a specific scoring
system. In fact, they concluded that the SBOWC could form
the basis for an assessment tool for withdrawal symptoms in
the PICU patient. However, they did not think that all of the
items in the SBOWC were clinically relevant. Additionally,
they suggested that in a further study, it would be advisable
to have independent observers assess videotaped material,
so as to increase the validity and reliability. Also, they noted
that items on the checklist should be further clarified so to
ensure there is no misinterpretation possible for nurses and
that item reduction is needed to achieve easier clinical use.
One final tool (WAT-1) was introduced to the literature in
2008 by Franck et al. (Table 4.9) [43]. The tool built on their
previous work and that of others. Most importantly, they pro-
vide a simple tool with 11 scoring points, ten of which pro-
vide a yes (1 point) or no (0 points) system. The final
evaluation point is the time to gain a calm state when agi-
tated. It gives a score of O for less than 2 min, a score of 1 for
2-5 min, and a score of 2 if more than 5 min are required.
Their initial study included a total of 1,040 assessments in 83
pediatric patients with a median age of 35 months, who were
recovering from acute respiratory failure and were weaning
from more than 5 days of a continuous infusion or round-the-
clock administration of opioids and benzodiazepines.
Generalized linear modeling was used to analyze each
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Table 4.8 Sophia Benzodiazepine and Opioid Withdrawal Checklist
(SBOWC)

1. Central nervous system
(a) Agitation
(b) Anxiety
(c) Increased muscle tone
(d) Motor disturbances
(i) Slight muscle jerks
(ii) Uncoordinated, robust movements
(e) Tremors
(i) Spontaneous
(ii) In response to stimulation
(f) Inconsolable crying
(g) High pitched cry
(h) Sleep time
(i) Less than 1 h
(i1) More than 1 h and less than 3 h
(i) Seizures
(j) Pupillary dilatation
(k) Hallucinations
2. Gastrointestinal system
(a) Vomiting
(b) Diarrhea
(c) Increased residuals after feedings
(d) Poor feeding
3. Autonomic nervous system
(a) Tachycardia
(b) Tachypnea
(c) Hypertension
(d) Fever
(e) Sweating
(f) Sneezing
(g) Yawning
(h) Mottling
Based on data from Ista et al. [42]

Table 4.9 Withdrawal assessment tool 1 (WAT-1)

. Loose or watery stools

. Vomiting, retching, gagging

. Temperature >37.8 °C

. State: awake and distressed or awake and calm
. Tremor

. Sweating

. Uncoordinated, repetitive movement

o e Y R R R S R

. Yawning or sneezing
9. Startle to touch
10. Increased muscle tone
11. Time to gain calm state
(a) Less than 2 min (0)
(b) 2-5 min (1)
(c) More than 5 min (2)
Reprinted from Franck et al. [43]. With permission from Lippincott
Williams & Wilkins
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symptom in relation to withdrawal intensity ratings.
Symptoms with high redundancy or low levels of association
with withdrawal intensity ratings were dropped resulting in
the 11-item (12-point) scale. Concurrent validity was indi-
cated by high sensitivity (0.872) and specificity (0.880) with
a WAT-1 >3 predicting withdrawal.

Prevention of Tolerance

As with many problems, the effective treatment of with-
drawal should focus on prevention. Regardless of the agent,
the data demonstrate that the incidence of withdrawal is
related to not only the duration of administration, but also the
total dose of the medication delivered. As such, achieving
effective sedation with the least amount of medication
remains the goal. To achieve this, ongoing assessment of the
depth of sedation at regular intervals is suggested. During the
management of pain in the inpatient setting, there has been
great success with the idea that pain assessment is the fifth
vital sign. Perhaps a similar process should occur in the
PICU setting where assessment of sedation is considered the
fifth vital sign so that a score is applied every time the other
vital signs are measured. This not only ensures that patients
are adequately sedated, but should also help in identifying
those with excessive sedation. In the latter group, a decrease
in the amount of sedation is indicated.

The various clinical sedation scales have been reviewed
elsewhere in this textbook in the chapter outlining sedation
in the PICU patient [44—48]. The most commonly used PICU
sedation scores evaluate physiologic variables, an objective
assessment of the patient's depth of sedation, or a combina-
tion of the two. There are several scales which have been
validated in the pediatric patient including those who are
tracheally intubated and receiving mechanical ventilation.
Given issues with clinical sedation scales and their limited
utility in critically ill patients or those receiving neuromus-
cular blocking agents, other methods to judge the depth of
sedation may be required. In the operating room setting dur-
ing the provision of anesthesia, there is growing interest in
the use of “depth of anesthesia monitors”. In general, these
monitors use a preset algorithm to interrogate the processed
EEG pattern and provide a numeric value ranging from 0
(isoelectric) to 100 (awake with eyes open). Of note, the EEG
algorithms were developed predominantly during the use of
agents that act through the GABA system including the vola-
tile anesthetic agents, barbiturates, propofol, and benzodiaz-
epines. As such, their utility is limited with the use of other
agents such as opioids, etomidate or those that act through
the NMDA system (ketamine, nitrous oxide). Although, there
are now several of these “depth of anesthesia” monitors avail-
able, the first one introduced into clinical practice and the one
that has seen the greatest use both in and out of the operating
room is the Bispectral Index (BIS monitor, Aspect Medical,
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Newton, MA). To date, these monitors have seen the greatest
use intraoperatively monitoring the effects of general anes-
thetic and sedative agents. Although a BIS value less than
60-70 has been shown to correlate with a low probability of
intraoperative awareness, its superiority over other intraop-
erative monitors such as end-tidal gas monitor as a means of
limiting awareness has not been proven [49-52]. Additional
issues have been raised regarding the use of depth of anesthe-
sia monitoring in the PICU setting including the inaccuracy
of these devices with non-GABA agents as well as variations
in the BIS number related to artifact from ICU devices and
interference from the EMG of the frontalis muscle. Given
these concerns, it is unlikely that such devices will see rou-
tine use for monitoring sedation in the PICU population.
However, they may have some utility in situations where clin-
ical scales cannot be used, such as during the administration
of neuromuscular blocking agents. In a cohort of 12 PICU
patients receiving NMBA’s and sedation with either mid-
azolam or propofol, BIS values were prospectively recorded
[53]. Although the BIS number was recorded by a bedside
computer every 10 s, the number was concealed from health
care workers. BIS values were recorded for 476 h (161,893
BIS values) in 12 patients. The BIS number was 50-70, 57 %
of the time; <49, 35 % of the time; and greater than 70, 8 %
of the time. When supplemental doses of sedatives were
administered, the BIS number was greater than 70, 64 % of
the time; 50-70, 31 % of the time; and <49, 5 % of the time.
Oversedation was more likely with propofol than midazolam.
The authors concluded that during the use of neuromuscular
blocking agents, physiologic parameters were an inadequate
means of judging the depth of sedation, oversedation was a
common occurrence and that supplemental doses of seda-
tive agents are occasionally used despite the fact that the BIS
would indicate an adequate depth of sedation.

To date, there are no data to suggest that there are effec-
tive clinical ways of delaying the onset of tolerance by the
co-administration of other pharmacologic agents. Given the
mechanisms of the development of tolerance, theoretical
information and some animal data suggest that the co-
administration of agents that are antagonists at the mu or
delta opioid receptors, agonists at the kappa opioid receptor,
or antagonists at the NMDA receptor can delay tolerance
[54-59]. However, in clinical practice, none of these have
clearly been shown to be effective and as such, none are in
common clinical use. Darnell et al. have clearly demon-
strated that a simple technique such as the coadministration
of naloxone does not effectively delay the onset of tolerance
[60]. A total of 82 children, varying in age from 1 day to
18 years, requiring mechanical ventilation and fentanyl infu-
sions for more than 4 days were enrolled in a double-blinded,
randomized, placebo-control trial. In addition to fentanyl
infusions, patients received either a low-dose naloxone
infusion (0.25 pg/kg/h) or placebo to evaluate the effects on
fentanyl requirements during mechanical ventilation. When
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comparing those treated with naloxone and those receiving
placebo, there was no difference in the maximum cumulative
daily fentanyl dose or the total fentanyl dose received
throughout the study period (360 pg/kg versus 223 pg/kg). In
fact, there was a trend toward fewer rescue midazolam
boluses, lower total midazolam dose, and fewer rescue fen-
tanyl boluses doses in the placebo-treated group.

Similarly, although ketamine may be used as an analgesic
adjuvant in opioid tolerant patients, the clinical evidence does
not support its role in delaying the onset of tolerance in the
setting of acute pain [61-64]. Several case reports and series
have outlined the efficacy of ketamine in providing analgesia
in chronic pain patients who have become tolerant to opioids.
However, in this scenario, the mechanism is likely non-opioid
mechanisms involved in analgesia and not the provision of an
acute reduction in opioid tolerance. When studied intraopera-
tively in patients receiving remifentanil as part of their anes-
thetic, no reduction in acute tolerance to remifentanil was
demonstrated in patients receiving ketamine versus placebo
[65]. Given these data, to date, there are is evidence-based
medicine to support the co-administration of pharmacologic
agents as a means of delaying the onset of tolerance.

In clinical practice, some simple maneuvers may be con-
sidered to limit the acute tolerance related to opioids.
Tolerance to any sedative or analgesic agent is related to
receptor occupancy time and the affinity with which the ago-
nist binds to the receptor. When feasible, the intermittent
administration of longer acting-agents may offer the advan-
tage of delaying the onset of tolerance over the continuous
infusion of short-acting agents. Given decreased affinity for
the opioid receptor compared to the synthetic opioids, mor-
phine may be considered in hemodynamically stable patients
as a means of limiting the rapidity with which tolerance
develops. In a cohort of infants requiring sedation and anal-
gesia during ECMO for an average of 4-5 days), morphine
provided equivalent levels of sedation while decreasing the
need for supplemental bolus doses of opioid [66].
Additionally, infants receiving morphine had a lower inci-
dence of withdrawal (13 of 27 with fentanyl versus 1 of 11
with morphine, p<0.01) and were hospitalized for fewer
days after ECMO (31.1+ 14 versus 21.5+7.0 days, p=0.01).

Although preliminary studies demonstrate that remifent-
anil may be an effective agent, the development of tolerance
is more rapid that with other synthetic opioids including fen-
tanyl. This has translated into greater postoperative opioid
requirements when remifentanil is used intraoperatively and
the need to escalate doses rapidly when remifentanil is used
for ICU sedation. This combined with its cost make it a rela-
tively undesirable agent for most scenarios in the PICU
patient [67, 68].

More recently, in the adult population the use of drug
holidays has been suggested as a means of delaying or limit-
ing tolerance [69]. In a randomized, controlled trial involving
128 adult patients who were receiving mechanical ventila-
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tion and continuous infusions of sedative drugs in a medical
intensive care unit, study patients had the sedative infusions
interrupted on a daily basis until the patients were awake. In
the control group, the infusions were interrupted only at the
discretion of the clinicians in the intensive care unit. In the
intervention group, there was a reduction in the duration of
mechanical ventilation (median of 4.9 versus 7.3 days,
P=0.004) and in the length of ICU (median of 6.4 versus
9.9 days, P=0.02). Six of the patients in the intervention
group (9 %) required diagnostic testing to assess changes in
mental status, as compared with 16 of the patients in the con-
trol group (27 %, P=0.02). No difference in the incidence of
complications such as removal of the endotracheal tube by
the patient was noted between the two groups. Although an
increasing practice in the adult population, there are cur-
rently no data regarding drug holidays in the PICU setting.
Given the accumulating data regarding the efficacy of this
practice in adults, investigations in the pediatric population
seem warranted. Although concerns have been expressed
regarding potential adverse effects related to this practice
such as excessive agitation in critically ill patients, the adult
data support the safety of these practices.

Identification of the Group at Risk for
Withdrawal

In order to provide effective therapy for patients with with-
drawal, it may be helpful to identify those patients who have
developed physical dependency and are therefore likely to
manifest symptoms of withdrawal. In such patients, options
to prevent withdrawal such as the slow weaning of opioid
and sedative infusions or the switch to orally active agents
should be considered. Regardless of the agent, the risk fac-
tors for physical tendency generally include the duration of
the infusion and the total dose administered. No correlation
has been noted with the maximum infusion rate. In a pro-
spective trial of 23 infants and children who had received
fentanyl infusions for sedation during mechanical ventila-
tion, both the total fentanyl dose and the duration of the infu-
sion correlated with the risk of withdrawal [70]. The
incidence of withdrawal was 50 % when the total fentanyl
dose was >1.5 mg/kg or when the duration of the infusion
was >5 days. The incidence of withdrawal was 100 % with a
total fentanyl dose >2.5 mg/kg or an infusion duration
>9 days. With other sedative agents, the risk of withdrawal
has also been shown to correlate with both the total dose
administered as well as the duration of the infusion. In infants
sedation with fentanyl during ECMO, the incidence of
withdrawal correlated with both the total dose (more than
1.6 mg/kg) and the duration of administration (more than
5 days) of fentanyl [8]. The same investigators also reported
that the total dose administered may be a risk factor for
patients receiving sedation using the inhalation anesthetic
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agent, isoflurane. Withdrawal occurred only in patients who
had received more than 70 MAC-hours of isoflurane [19,
20]. Fonsmark et al. reported an increased probability of
withdrawal in patients who received a total dose of mid-
azolam >60 mg/kg or a total dose of pentobarbital >25 mg/
kg [13]. More recently, the risk of withdrawal following the
prolonged use of dexmedetomidine has also been shown to
be greater when the total dose administered is >8.5 pg/kg or
when the duration of the infusion is more than 5-7 days [25].
Additional risk factors noted in the adult population include
an increased risk of withdrawal with the concomitant admin-
istration of neuromuscular blocking agents and a decreased
risk of withdrawal with increased dosing of haloperidol [17].

Weaning Strategies and Treatment
of Withdrawal

By identifying the high risk population and vigilant assess-
ment with withdrawal scores developed for the PICU patient,
it seems that we are closer to our goal of identifying patients
who are manifesting withdrawal symptoms. The prevention
of withdrawal starts with the identification of patients who
are likely to be physically tolerant followed by slowly wean-
ing the sedative and analgesic agents in these patients. Even
with shorter durations of administration (3—4 days), with-
drawal scales should still be applied to all PICU patients fol-
lowing the discontinuation of sedative and analgesic
medications as withdrawal can still occur with shorter dura-
tions of therapy.

Based on limited evidence-based medicine, it has been
suggested that that weaning can be accomplished at a rate of
10-20 % per day even in patients who had received 5-7 days
of therapy [71, 72]. However, with these protocols, a signifi-
cant incidence of withdrawal has been noted, thereby sug-
gesting that a more reasonable approach may be a 5-10 %
decrease per day [73, 74]. Although the weaning process can
be accomplished by slowly decreasing the intravenous infu-
sion rate, this mandates the maintenance of intravenous
access, ongoing hospitalization, and at times, continued
monitoring in the PICU. The latter will depend on local hos-
pital policies and practices. However, many will mandate
ongoing monitoring in and ICU setting when certain medica-
tions such as fentanyl or midazolam are administered by
continuous infusion.

To facilitate transfer out of the PICU and in an effort to
limit the need for ongoing intravenous access, options to
consider include either switching to subcutaneous or oral
administration. If gradual tapering the infusion can be
accomplished within a reasonable period of time (5-10 days)
that will not delay hospital discharge, switching to oral medi-
cations will generally not expedite discharge home. In this
scenario, the use of subcutaneous infusions may be consid-
ered [75]. Although used mostly commonly for the treatment
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of chronic pain issues including those related to the terminal
stages of oncologic diseases, there is increasing use of the
subcutaneous route for the treatment of acute pain and anec-
dotal experience regarding its use in patients with physical
tolerance following prolonged sedation in the PICU setting.
These patients are generally receiving moderate doses of
fentanyl (5-10 pg/kg/h) and/or midazolam (0.1-0.3 mg/
kg/h). The switch to the subcutaneous route allows the
removal of central venous access, eliminates the need to
maintain peripheral intravenous access, and depending on
individual hospital policies may eliminate the needing for
ongoing care in the PICU setting. In a retrospective review of
nine patients ranging in age from 3 to 7 years, the transition
from intravenous fentanyl and/or midazolam to the subcuta-
neous route was accomplished without interruption in the
infusion or the development of withdrawal [75]. The starting
infusion rate for subcutaneous fentanyl varied from 5 to
9 pg/kg/h. Four patients had also received subcutaneous
midazolam at a rate of 0.15-0.3 mg/kg/h. No problems with
the subcutaneous access were noted during the 3—7 day treat-
ment periods in the nine patients. The fentanyl infusion was
decreased by 1 pg/kg/h every 12-24 h and the midazolam
infusion was decreased by 0.05 mg/kg/h every 12-24 h.
Several of the sedative and analgesic agents including
opioids (synthetic agents, morphine, and hydromorphone) as
well as midazolam can be administered via the subcutaneous
route. More recently, there is anecdotal experience with the
subcutaneous administration of dexmedetomidine [76].
Concentrated solutions of fentanyl (25-50 pg/mL), mid-
azolam (2.5-5 mg/mL), or dexmedetomidine (10-20 pg/mL)
are used so that the maximum subcutaneous infusion rate
does not exceed 3 mL/h. The subcutaneous infusions are
started at the same dose that is currently being used for intra-
venous administration. A topical dermal anesthetic cream
can be placed over the site of anticipated subcutaneous can-
nulation. Several areas are suitable for subcutaneous admin-
istration, including the subclavicular region, abdomen,
deltoid, or anterior aspect of the thigh. The site is cleaned is
prepped with a sterile antiseptic solution and then either a
standard 22-gauge intravenous cannula or a 23-gauge but-
terfly needle is inserted into the subcutaneous tissue. Before
placement, the tubing and needle are flushed with the opioid/
benzodiazepine solution. The insertion site is then covered
with a transparent, bio-occlusive dressing. The site should be
changed every 7 days or sooner if erythema develops. The
same infusion pumps that are used for intravenous
administration can be used for subcutaneous administration.
The pressure limit may need to be adjusted to allow for sub-
cutaneous administration. Alternatively, a syringe pump can
be used. If symptoms of withdrawal develop, additional
boluses can be administered subcutaneously if necessary.
When a more prolonged course of opioid or sedative agent
therapy will be necessary, switching to the oral administra-
tion of long-acting agents such as methadone or lorazepam
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should be considered. This practice may allow for earlier
removal of venous access and hospital discharge. To date, the
majority of experience from the literature resides in the tran-
sition from intravenous opioids generally fentanyl to the oral
agent, methadone. The reported advantages of methadone
include its longer half-life allowing for dosing two to three
times per day, an oral bioavailability of 75-90 %, and avail-
ability as a liquid. Although the first report regarding the use
of methadone suggested a starting dose of 0.1 mg/kg every
12 h, the three patients in the series were receiving relatively
low opioid doses and, therefore, higher doses of methadone
were not needed [10]. Our subsequent clinical experience
revealed that higher doses of methadone are needed espe-
cially following more protracted PICU courses and higher
doses of fentanyl [77]. In that report, a 1:1 switch from fen-
tanyl to methadone was used whereby the total daily dose of
fentanyl was calculated and an equivalent dose of fentanyl
was administered. So that a 10 kg patient receiving fentanyl
at 10 pg/kg/h would be receiving a total daily fentanyl dose
of 2,400 pg or 2.4 mg. Methadone would be started at 1.2 mg
every 12 h by mouth. The fentanyl infusion is decreased by
50 % after the second dose of methadone, by 50 % after
the third dose, and then discontinued after the fourth dose.
The methadone was then weaned by 10 % every week as
an outpatient. Although effective, the protocol did require
a protracted weaning period and as such other investigators
have suggested not only alternative ratios for the transition
to oral methadone, but also more rapid weaning schedules
[71,72,78-82]. When these studies are reviewed, there is up
to a tenfold variation in the recommendations for the metha-
done dose when switching from intravenous opioids as well
as variations in the initial dosing interval for methadone
(every 6 versus 12 h). Some protocols have used intravenous
methadone prior to oral methadone during the initial conver-
sion process. Additionally, there is also significant variation
in the rapidity with which the methadone is weaned, with
some being as fast as 5 days. Regardless of the protocol used,
close observation during the conversion period is necessary
to avoid adverse effects from over-sedation or to recognize
the early symptoms of withdrawal. Most importantly, those
embarking on this practice are encouraged to review the
available literature and develop their own hospital-based
protocols. The efficacy and adverse effects of these protocols
can then be monitored and adjusted as needed.

There remain some stigmata concerning the use of metha-
done. Therefore, a thorough discussion with the parents is
necessary to discuss the need for methadone, its purpose, and
the differences between addiction and physical dependency.
Because of these issues as well as familiarity with long-
acting morphine preparations, which are used in the treat-
ment of children with chronic cancer-related pain, some
physicians prefer to use the latter agent [83]. However, these
agents are available only in tablets that cannot be crushed so
that administration and subsequent weaning protocols may
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be more difficult in younger patients. Methadone on the
other hand is available in a liquid formulation.

Additional issues with methadone include its pharmaco-
kinetic profile as well as recent concerns from the adult lit-
erature regarding its potential effects on the QT interval and
its association with increased mortality risks. Methadone
undergoes metabolism by the P450 isoenzyme system of the
liver making alterations in metabolism possible based on
genetic factors and the co-administration of other medica-
tions [84]. The latter may be particularly problematic in the
critically ill PICU patient. More recently concern has been
expressed in the adult population, who are on maintenance
methadone for drug addiction regarding the potential for
death, of the potential for QT prolongation and arrhythmias
[85-87]. To date, these reports are restricted to the adult pop-
ulation with no pediatric reports. However, these concerns
have led to the consideration of obtaining periodic ECG’s
prior to and after instituting therapy with methadone espe-
cially in the adult population. Krantz et al. reviewed their
recommendations from an expert panel convened to opine on
these issues (Table 4.10) [86].

Although the majority of experience with transition to
oral medications includes opioid therapy, there are also
limited data to provide a groundwork for the transition from
intravenous midazolam the oral lorazepam [77, 88]. As with
opioids, the appropriate dose transition should consider the
differences in the potency and half-life of the two medica-
tions as well as cross-over tolerance. Lugo et al. in a study
evaluating enteral lorazepam to decrease midazolam require-
ments during mechanical ventilation suggested starting at a
lorazepam dose that was 1/6th that of the total daily dose of
intravenous midazolam [88].

Table 4.10 Recommendations for methadone therapy in adults

1. Inform patients of arrhythmia risk when prescribing methadone

2. History should include direct questioning for history of
arrhythmia, structural heart disease, and syncope

3. Obtain a pretreatment ECG on all patients to measure the QTc

4. Obtain a follow-up ECG within 30 days of starting therapy and
annually thereafter

5. More frequent ECG’s should be obtained for the following:
(a) Methadone dose greater than 100 mg/day
(b) Unexplained syncope or seizures

6. If the QTc is >450 ms, but less than 500 ms; discuss risk-benefit
ratio with patient and monitor more frequently

7. If the QTc is >500 ms, consider:

(a) Discontinuing methadone or reducing dose and using
alternative medications

(b) Eliminate contributing factors such as drugs that promote
hypokalemia

8. QT prolongation may be exacerbated by:
(a) Other medications
(b) Co-morbid medical conditions
(c) Medications that alter methadone metabolism

Based on data from Krantz et al. [86]
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In addition to opioids, non-opioid agents including the
benzodiazepine, diazepam, has been used to treat opioid with-
drawal in neonates and infants [89]. The majority of these
data come from trials evaluating therapies in neonates born
to drug-addicted mothers. When benzodiazepines have been
used, clinical studies have demonstrated adverse effects on
behavior in the neonatal population including increased seda-
tion and poor sucking as well as poor control of the autonomic
hyperactivity that occurs with opioid withdrawal [90]. Similar
results have been demonstrated with the use of phenobarbi-
tal [91, 92]. Phenothiazines (chlorpromazine) have also been
used in the treatment of infants of drug-addicted mothers [93].
Despite relative success with an efficacy equivalent to that of
phenobarbital, adverse effects including a-adrenergic block-
ade with hypotension and a lowering of the seizure threshold
have limited their widespread application [94].

The centrally acting, a,-adrenergic agonist, clonidine, has
been used to treat and prevent opioid withdrawal in both neo-
nates and adults [95-97]. The a,-adrenergic receptors medi-
ate part of their pharmacologic actions through the activation
of the same potassium channel as opioid receptors. Because
of its prolonged duration of action (12—18 h), in most cases,
twice a day dosing may be possible with starting doses range
from 3 to 5 pg/kg/day. Adverse effects from clonidine
include sedation, bradycardia, and hypotension. Although
the use of clonidine is becoming more widespread in pediat-
ric anesthesia as a premedicant for the operating room as
well as for caudal/epidural anesthesia; to date, there is lim-
ited clinical experience with its use in the treatment of opioid
withdrawal. A nicely performed, prospective trial recently
evaluated the efficacy of clonidine as an adjunct to the treat-
ment of withdrawal in infants with intrauterine exposure to
methadone or heroin and neonatal abstinence syndrome,
defined as two consecutive modified Finnegan scores >9
[98]. The cohort for the study included 80 infants, all of
whom received standard therapy with oral tincture of opium
according to a standardized algorithm and were randomly
assigned to receive oral clonidine (1 pg/kg every 4 h) or pla-
cebo. The median length of therapy was 27 % shorter in the
clonidine group when compared to the placebo group.
However, in the clonidine group, seven infants required
restarting opium after its initial discontinuation versus none
in the placebo group. Higher doses of opium were required
in the placebo group and there was a higher incidence of
treatment failures (12.5 % versus 0 %). Hypertension, hypo-
tension, bradycardia, or desaturations did not occur in either
group. Three infants in the clonidine group died as a result of
myocarditis, sudden infant death syndrome, and homicide,
all after hospital discharge and before 6 months of age.
Further information is needed to more clearly define the effi-
cacy and safety of clonidine as well as its role in treating
opioid withdrawal in the PICU patient. An additional advan-
tage of clonidine is the availability of a transdermal patch
which may be used instead of oral administration although
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dose titration and weaning may be problematic given the
limited number of sizes of the transdermal system.

Dexmedetomidine (Precedex®, Hospira Worldwide Inc,
Lake Forest, IL) is the pharmacologically active dextro-
isomer of medetomidine. Like clonidine, it exerts its physi-
ological effects via a,-adrenergic receptors. Regardless of
the agent or agents responsible for withdrawal, the role of
dexmedetomidine in treating such problems is supported by
animal studies [99-102], case reports in adults and children
[103—107], and one retrospective case series in infants [108].
The latter is a retrospective review that outlines the use of
dexmedetomidine to control withdrawal is a retrospective
review of seven infants ranging in age from 3 to 24 months
[108]. The patients had received a continuous fentanyl infu-
sion supplemented with intermittent doses of midazolam for
sedation during mechanical ventilation. Withdrawal was
documented by a Finnegan score >12. Dexmedetomidine
was administered as a loading dose of 0.5 pg/kg/h followed
by an infusion of 0.5 pg/kg/h. The loading dose was repeated
and the infusion increased to 0.7 pg/kg/h in the two patients
who had received the highest doses of fentanyl (8.5+0.7 ver-
sus 4.6 +0.5 pg/kg/h, p<0.0005). Withdrawal was controlled
and subsequent Finnegan scores were <7.

Conclusion

When sedative and analgesic agents are administered,
adverse effects on physiologic function may follow [3,
40]. Monitoring of the patient’s physiologic function is
mandatory whenever these agents are in use. There is also
an increased understanding and recognition of withdrawal
syndromes which may occur following the prolonged
administration of sedative and analgesic agents. Strategies
are needed to identify those patients at risk for withdrawal
followed by appropriate interventions to prevent or treat
it. These may include a gradual tapering of the infusion
rate or switching to oral or subcutaneous administration.
As this is an increasing problem in the PICU setting,
newer strategies to prevent its occurrence such as the use
of NMDA antagonists or rotating sedation regimens war-
rant further investigations. With these caveats in mind, the
goal of providing effective and safe sedation and analge-
sia for all of our patients is within reach.
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Abstract

Since the introduction of the neuromuscular blocking agents (NMBAs) in anesthesia in
1942, a marked evolution has occurred in these drugs. Currently, there are many recognized
indications to starting treatment with a NMBA in critically ill children. These may be cat-
egorized as short-term, to facilitate procedures, or long-term (sustained neuromuscular
blockade), as therapeutic interventions. Atracurium or vecuronium administered by con-
tinuous infusion are the choice for the majority of PICU children requiring neuromuscular
blockade, however, intermittent doses of pancuronium may be considered as well.
Neuromuscular blockade complications can be classified as short-term (accidental extuba-
tion, disconnection of the mechanical ventilator), medium-term (edema, venous thrombo-
sis) and long-term (prolonged paralysis, muscle atrophy). Monitoring the neuromuscular
blockade level (clinical examination and peripheral nerve stimulation) is recommended and
allows the use of lower doses of NMBAs, which may minimize these side effects. Train-of-
four is the more commonly used method and involves electrical stimulation of a peripheral
motor nerve with four sequential stimuli over a two second period and observation of the
responses of a muscle innervated by the stimulated nerve. Adequate neuromuscular block-
ade reversal is essential for restoring and maintaining laryngeal reflexes, respiratory effort
and motor function. Recovery may be obtained by using agents that reverse the action of
NMBAs, such as anticholinesterase drugs (neostigmine, edrophonium and pyridostigmine)
or cyclodextrins (sugammadex).
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Introduction

Since the introduction of the neuromuscular blocking agents
(NMBAs) in 1942, a marked evolution has occurred in these
drugs. In association with the introduction of vecuronium
and atracurium, the most widely used NMBAs in critically ill
patients, there was a significant increase in the indications
for neuromuscular blockade. This expansion was partially
provided by the new ventilatory modes and technologic
advances that necessitated cooperative, sedate, or immobile
patients. In addition, there was an expansion of knowledge
regarding available NMBAs which, in turn, led to greater
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use of muscle paralysis in the intensive care unit (ICU). It
should be noted that the NMBAs do not have sedative,
amnestic, or analgesic properties, thus, the concurrent
administration of sedative and analgesic drugs is mandatory
to provide these effects.

Physiology of Neuromuscular Blocking

The neuromuscular junction consists of a motor nerve termi-
nal, the synaptic cleft, and the postsynaptic muscle endplate
(Fig. 5.1). The nicotinic receptor of the skeletal muscle is a
pentamer composed of four subunits (a, B, y, and §). In
mature, muscle endplates, the y subunit is replaced by € sub-
unit (Fig. 5.2). The five subunits are arranged around a
pseudo-axis of symmetry to circumscribe a channel [1-3].
Agonist-binding sites are found at the subunit interfaces; in
muscle, only two of the five subunits interfaces, ay and o,
have evolved to bind ligands. Both of the subunits forming
the subunit interface contribute to ligand specificity. The
binding of agonists and reversible competitive antagonists
involves overlapping surfaces on the receptor. The agonist-
binding site is intimately coupled with an ion channel in the
muscle receptor, such that simultaneous binding of two ago-
nist molecules results in a rapid conformational change that
opens the channel.

The nerve synthesizes acetylcholine and stores it in vesi-
cles (Fig. 5.3). The approach of an action potential at the dis-
tal motor nerve ending leads to an instant opening of voltage
gated calcium channels with a subsequent abrupt increase in

intracellular calcium concentration [4]. The motor endplate
contains specialized nicotinic acetylcholine receptors, which
convert the chemical signal into an electrical signal. Nicotinic
acetylcholine receptors, after activation by the acetylcholine,
respond by opening their channels for influx of sodium ions
into the muscle to depolarize the muscle. The endplate
potential created is transmitted along the muscle membrane
by opening of the sodium channels, leading to muscle con-
traction [4]. Acetylcholine immediately detaches from the

Inside

Na*

Fig.5.2 The acetylcholine receptor

SN pag
.

Fig.5.1 Sketch of postsynaptic nicotinic acetylcholine receptor chan-
nels. The mature, or junctional, receptor consists of two ol-subunits
and one each of Pl-, 8-, and e-subunits. The immature, extra-junc-
tional or fetal form consists of two al- and one each of p1, 5, and
y-subunits. The latter is thus called c-subunit receptor. Recently, a neu-
ronal receptor consisting of five subunits of a7 has been described in
muscle. All subunits are arranged around the central cation channel.
The immature isoform containing the y-subunit shows long open times
and low-amplitude channel currents (not shown). The mature isoform

containing the e-subunit shows shorter open times and high-amplitude
channel currents during depolarization. Substitution of the e-subunit
for the y-subunit gives rise to the fast-gated, channel with prolonged
open time. As expected, acetylcholine application to the a7 nAChR
also results in a fast, rapidly decaying inward current (not shown). All
of these depolarizing events are insensitive to the treatment with atro-
pine but sensitive to treatment with a-bungarotoxin or non-depolarizing
NMBAs, blocking current flow (Reprinted from Martyn et al. [3]. With
permission from John Wiley & Sons, Inc.)
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Fig.5.3 Structure of the adult neuromuscular junction with the three
cells that constitute the synapse: the motor neuron (i.e. nerve termi-
nal), muscle fibre and Schwann cell. As the nerve approaches its muscle
fibres, and before attaching itself to the surface of the muscle fibre,
the nerve divides into branches that innervate many individual muscle
fibres. The motor nerve loses its myelin and further subdivides into
many presynaptic boutons to terminate on the surface of the muscle
fibre. The nerve terminal, covered by a Schwann cell, has vesicles
clustered about the membrane thickenings, which are the active zones,

receptor and either diffuses back into the nerve terminal or is
pulled down by the acetylcholinesterase in the synaptic cleft.
Depolarization ends when acetylcholine unbinds from the
receptor.

Neuromuscular blocking agents are structurally related to
acetylcholine and act by interfering with the binding of ace-
tylcholine to the motor endplate. They are divided into depo-
larizing and nondepolarizing agents, based upon their
mechanism of action. Depolarizing neuromuscular blocking
agents simulate the effect of acetylcholine and thus can be
considered agonists despite the fact they block neurotrans-
mission after initial stimulation. Their initial action is to
depolarize the membrane by opening channels in the same
manner as acetylcholine. However, they persist for longer
durations at the neuromuscular junction mainly because of
their resistance to acetylcholinesterase. The depolarization is
therefore longer-lasting and is followed by neuromuscular

Mitochondrion

Mitocrotubules

Active zone or
Release site

Acetylcholinesterase
Acetylcholine receptors

Secondary
cleft

Na+
channels

Actin-Myosin
complex

toward its synaptic side and mitochondria and microtubules toward
its other side. A synaptic gutter or cleft, made up of a primary and
many secondary clefts, separates the nerve from the muscle. The
muscle surface is corrugated, and dense areas on the shoulders of each
fold contain acetylcholine receptors. The sodium channels are pres-
ent at the bottom of the clefts and throughout muscle membrane. The
acetylcholinesterase, proteins and proteoglycams which stabilise the
neuromuscular junction are present in the synaptic clefts (Reprinted
from Martyn et al. [3]. With permission from John Wiley & Sons, Inc.)

transmission blockade and flaccid paralysis. The block is due
to perijunctional sodium channels closing that will not
reopen until the endplate is repolarized. These closed
perijunctional channels keep the depolarization signal from
affecting downstream channels.

The depolarizing neuromuscular blocking agents are not
susceptible to hydrolysis by acetylcholinesterase and thus
are not eliminated from the synaptic cleft until after they
are eliminated from the plasma. Because calcium does not
diffuses back in the sarcoplasmic reticulum, muscles are
refractory to repeat depolarization, until depolarizing neuro-
muscular blocking agents pass from the receptor to the circu-
lation and are hydrolyzed by plasma pseudocholinesterase.

Nondepolarizing neuromuscular blocking agents also
bind acetylcholine receptors but do not activate them.
Nondepolarizing neuromuscular blocking agents impair
neurotransmission by competitively preventing the binding
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of acetylcholine to its receptor. Drug binding to the acetyl-
choline receptor either prevents the conformational change
in the receptor or physically obstructs the ion channels so
that an endplate potential is not generated.

Types and Classes of Neuromuscular
Blocking Agents

The number of NMBAs has increased since curare was
first used medically in 1912 and in anesthesia in 1942
[5]. Both succinylcholine and pancuronium, introduced in
1952 [6] and 1967 [7], respectively, are still used today.
Vecuronium [8] and atracurium [9] were subsequently added
in the 1980s. Mivacurium [10] and rocuronium [10] were
introduced in the 1990s. Other agents included gallamine
(1951) [11], alcuronium (1964) [12], fazadinium (1976)
[13], pipecuronium (1980) [14], doxacurium (1988) [15],
cisatracurium (1996) [16], and rapacuronium (1999) [17].
Recently, neuromuscular drug development has included
the investigational drugs gantacurium [18] and AV002,
which self-destruct by endogenous chemical processes. The
“ideal NMBA” for use in intensive care produces an early,
titratable paralysis, has a moderately rapid offset of action
(less than 15 min) to allow for repeated neurologic assess-
ment, no adverse hemodynamic or other adverse physi-
ologic effects, elimination independent of hepatic or renal
function, inactive metabolites, no propensity to accumulate,
stability over 24 h to allow for continuous infusion, and
modest cost [19].

Depolarizing Neuromuscular Blocking Agents

Succinylcholine

Succinylcholine (also known as suxamethonium chloride)
is the only depolarizing neuromuscular blocking agent in
clinical use within the United States. Structurally, it resem-
bles two molecules of acetylcholine joined back to back by
an ester linkage (Fig. 5.4). A unique combination of rapid
onset and ultra-short duration of action make succinylcho-
line especially useful for facilitating tracheal intubation.
In the critical care setting, the use of succinylchloride is
restricted to emergency tracheal intubation because of the
many complications associated with its use. Once the air-
way has been successfully controlled, if there is an ongoing
need for neuromuscular blockade, a nondepolarizing agent is
administered. Elimination depends on hydrolysis by butyr-
ylcholinesterase (also known as plasma cholinesterase or
pseudocholinesterase).

Dose-response studies suggest that infants require at
least 3 mg/kg and children 2 mg/kg of succinylcholine to
produce reliable conditions for tracheal intubation [20]. The
duration of action of these doses is the about the same or
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Fig. 5.4 Chemical structure of succinylcholine (Courtesy of William
Joe Wheeler, PhD)
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somewhat less than that of the standard 1 mg/kg intubating
dose in adults (6—8 min). In the absence of intravenous
access intramuscular administration doses of 5 mg/kg for
infants and 4 mg/kg for children have been shown to pro-
duce 85-100 % twitch depression [21]. When given by this
route, one can expect maximum onset of blockade within
3-5 min and duration of action of between 19 and 23 min.
The increased dose requirement of succinylcholine in
younger patients is thought to result from its rapid distribu-
tion into an enlarged volume of extracellular fluid rather
than an altered response to the action of the drug at postjunc-
tional acetylcholine receptors [20]. Approximately 1 in
3,200 patients is homozygous for a defective pseudocholin-
esterase and may remain paralyzed for 3-8 h after a single
dose [22]. Although neonates and infants aged less than
6 months have only half the concentration of butyrylcholin-
esterase activity of adults, this does not prolong the effect of
succinylcholine.

Significant adverse effects include hypertension, tachy-
cardia, bradycardia, ventricular arrhythmias, hyperkale-
mia, and, less commonly, increased intracranial pressure or
malignant hyperthermia (Table 5.1) [23]. The increase in
serum potassium is mediated by the simultaneous opening
of large numbers of nicotinic acetylcholine receptors and is
approximately 0.5 mEq/dL [24]. Succinylcholine is contra-
indicated after the acute phase of major thermal injury.
Following thermal injury, extrajunctional acetylcholine
receptor expression increases in proportion to the magni-
tude of the burn [25]. This results in an exaggerated release
of potassium after administration of succinylcholine —
indeed, profound hyperkalemia associated with cardiac
arrest in this situation may occur. Succinylcholine should
not be administered to patients beyond 48 h from the time
of injury and remains contraindicated for 6-12 months.
Succinylcholine is also one of the classic triggers for
malignant hyperthermia and should not be administered to
patients with a history, or family history, of this disorder.
Other side effects include cardiac dysrhythmias, masseter
spasm, and increased intraocular, intracranial, and intra-
gastric pressure. Diffuse muscle pain may occur following
succinylcholine administration. For these reasons, a so-
called “defasiculating dose” of a nondepolarizing neuro-
muscular blocking drug (typically one-tenth of the normal
dose) is often administered shortly before administering
succinylcholine, though the evidence for this practice is
limited.
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Table 5.1 Succinylcholine, its side effects and relative contraindications

Side effect

Muscle soreness/pain

Hyperkalemia

Malignant hyperthermia (syndrome

characterized by unremitting muscle
rigidity, hyperthermia, hypercapnia,

and metabolic acidosis)

Increased intraocular pressure

Increased intracranial pressure

Increased intragastric pressure

Prolonged neuromuscular blockade

Fig.5.5 The benzylquinolinium family of

non-depolarizing NMBAs (Courtesy of
William Joe Wheeler, PhD)

Non-depolarizing Neuromuscular Blocking

Agents

Mechanism

Fasciculations due to initial depolarization of the NMJ (may be prevented with the use of a
defasciculating dose, typically one-tenth dose of a NDNMB, e.g. 0.01 mg/kg vecuronium)

SCh will typically raise serum K* 0.5-1 mEq/L due to initial depolarization of the NMJ (serious
and life-threatening hyperkalemia may occur with renal failure or when extrajunctional AChR are
upregulated (crush injury, burns, disuse atrophy, muscular dystrophy)
Contraindications:

1. Pre-existing hyperkalemia

2. Acute renal failure or chronic renal insufficiency

3. History of trauma, burns, crush injury (at risk period occurs between 48 h and 120 days of

post-injury)

4. Disuse atrophy, neuromuscular diseases (e.g. Duchenne’s muscular dystrophy)
Mechanism not completely understood
Contraindicated in patients with family history of malignant hypertension

Contraction of extraocular muscles during initial depolarization of NMJ (may be prevented with
“defasciculating dose”)

Contraindications:

1. Glaucoma

2. Open globe injury
Fasciculations and muscle rigidity (may be prevented with “defasciculating dose”)
Use with caution in patients with head injury
Contraction of abdominal muscles (may be prevented with “defasciculating dose”)
Use with caution in patients with full stomach (increased risk of aspiration)

Plasma pseudocholinesterase deficiency (liver disease, pregnancy, h/o oral contraceptive use,
familial pseudocholinesterase deficiency)
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Atracurium
Mivacurium

Doxacurium —OCH3

associated with tachycardia and hypertension. Table 5.2 pro-
vides dosing administration on the commonly used non-
depolarizing neuromuscular blocking agents in the PICU.

The clinically available non-depolarizing neuromuscular
blocking agents can be classified into benzylquinolinium
(Fig. 5.5) or aminosteroid (Fig. 5.6) compounds. Agents in
both groups are quaternary ammonium compounds that con-
tain a positively charged nitrogen atom capable of binding to
the alpha subunit(s) of the nicotinic acetylcholine receptor.
Benzylquinolium drugs are associated with histamine release
and hypotension, whereas aminosteroid compounds are

Aminosteroid Compounds

Pancuronium

Pancuronium is a potent, long-acting, bisquaternary amino-
steroidal neuromuscular blocking agent (Fig. 5.7). It is a
synthetic aminosteroid that has an onset of action of 2-3 min
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Fig.5.6 The aminosteroid family
of non-depolarizing NMBAs
(Courtesy of William Joe Wheeler,
PhD)

Pancuronium

Vecuronium

Rocuronium

Rapacuronium

Pipecuronium

Table 5.2 Recommended neuromuscular blocking agents

Bolus or intermittent

Agent injection (pg/kg/dose) Infusion rate
Pancuronium  50-100 - 2-4
Given as required
4-6h
Vecuronium  80-100 50-100 pg/kg/h  1-3
Rocuronium 600 300-600 pg/kg/h 0.8-1.5
Atracurium 300-600 0.3-1.7 mg/kg/h  1-3

Cisatracurium 150

Mivacurium 200

Based on data Playfor et al. [40]

60-180 pg/kg/h  2-3

1-15 pg/kg/min  1-2

90-100

35-45

30-60

25-30

40-45

<30

and half-life of 110 min. Excretion is accomplished primarily
by renal routes, although hepatic elimination plays a role. As
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Long

Intermediate

Intermediate

Intermediate

Intermediate

Intermediate

Onset (min) Duration (min) Duration of action Note

Renal and hepatic elimination
Reduce dosage in neonates
Vagolysis causes tachycardia
Hepatic and renal elimination
Reduce dosage in neonates
Little histamine release

Few cardiovascular effects
Hepatic elimination

Rapid onset

Few cardiovascular effects

Hofmann elimination;
hydrolysis by plasma esterases

May cause cardiovascular
effects due to histamine release

Relatively safe in renal or
hepatic failure

Hofmann and renal elimination.
Little histamine release

Few cardiovascular effects
Higher doses may be required
Renal elimination.

Histamine release in rapid
infusions

Prolonged neuromuscular
blockade in cases of plasma
cholinesterase deficiency or
renal failure

or liver dysfunction. Pancuronium has an active metabolite,
3-hydroxypancuronium, with 30-50 % of the potency of the

such, it is contraindicated in patients with significant kidney parent compound. Adverse cardiovascular effects associated
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Fig.5.7 Chemical structure of pancuronium (Courtesy of William Joe
Wheeler, PhD)

with pancuronium include tachycardia, hypertension, and
increased cardiac output due to vagal blockade and noepi-
nephrine release. More than 90 % of ICU patients will have
an increase in heart rate of >10 beats/min, which limits its
use in patients who cannot tolerate an increase in heart rate.
An open label study carried out to evaluate the efficacy and
dose requirements in critically ill children have shown that
the majority of patients required 0.05-0.08 mg/kg/h and
that there was a tenfold variability in infusion requirements
[26]. Several factors might have accounted for the vari-
ability in infusion requirements including interactions with
other medications and tachyphylaxis following prolonged
infusion [26].

Vecuronium

Vecuronium is amonotertiary, monoquaternary aminosteroid
relaxant produced by N-demethylation in the 2-piperidino
substitution of pancuronium (Fig. 5.8). This structural altera-
tion considerably reduces the vagolytic effects (tachycardia
and hypertension) observed with pancuronium. It has an
onset of action of 1-3 min and duration of 30—40 min (dose
dependent). It has a safe cardiovascular profile and does not
affect heart rate or blood pressure. Like pancuronium, it has
an active metabolite, 3-desacetylvecuronium, with 80 % of
the potency of the parent compound. Differences in vol-
ume of distribution produce a longer duration of action in
younger children. A study conducted to determine the appro-
priate vecuronium infusion rates demonstrated that neonates
and infants required less 45 % less vecuronium (mean infu-
sion rate 54.7 pg/kg/min) than older children (mean 98.7 pg/
kg/min) and had a faster spontaneous recovery to 70 % train
of four at one response (T4/T1) than older children (45 vs
65 min, respectively), with no evidence of prolonged weak-
ness in a PICU population [27]. A randomized controlled
trial comparing cisatracurium and vecuronium infusions in a
PICU has found that vecuronium rate infusion averaged mean
2.6+1.3 pg/kg/min with a median duration of 40 h while
the median time to recovery was significantly shorter with
cisatracurium (52 min, 35-73) compared with vecuronium
(123 min, 80—480). Prolonged recovery of neuromuscular
function (>24 h) occurred in one child (6 %) on vecuronium
group [28].
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Fig.5.8 Chemical structure of vecuronium (Courtesy of William Joe
Wheeler, PhD)
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Fig.5.9 Chemical structure of rocuronium (Courtesy of William Joe
Wheeler, PhD)

Pipecuronium

Pipecuronium is an aminosteroid, bisquaternary, long-acting
agent similar to pancuronium in structure, potency, and dura-
tion of effect, but without the vagolytic actions of pan-
curonium. It is eliminated mainly by the kidneys (70-80 %),
and a small fraction is eliminated through the bile after being
metabolized in the liver. There appears to be little difference,
other than cost, in long-term administration of pancuronium
versus pipecuronium in the critical care setting. Pipecuronium
is no longer available in the United States or Canada, but it
may be available elsewhere. There are no available studies in
critically ill children assessing this agent.

Rocuronium

Rocuronium (rapid onset-curonium) is a desacetoxy ana-
logue of vecuronium with a more rapid onset of action
(Fig. 5.9). Although similar to vecuronium in pharmacoki-
netics, it has a more rapid onset of action and a lack of active
metabolites. The onset of action in children is about 30-60 s
and the duration is 30—40 min (equal in children and adults).
It is metabolized by the liver (50-60 %) with 33 % excreted
unaltered in the urine. Due to its time to onset makes it the
most attractive alternative, optimal dose of 1 mg/kg, when
succinylcoline is contraindicated for rapid sequence tracheal
intubation [29]. A prospective study evaluating rocuronium
by continuous infusion to provide neuromuscular blockade
in the PICU showed that dose requirements ranged in the
majority of patients from 0.3 to 1 mg/kg/h while the vari-
ability in dose reached a maximum of 2.2 mg/kg/h [30].
Although there was an increase in requirement noted each
day, this did not reach statistical significance until day 5.
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The highest infusion rate occurred in patients that were
receiving rocuronium more than 5 days. The wide variability
in requirements and changes in requirements over time sup-
port the routine monitoring of neuromuscular function [30].

Rapacuronium

Rapacuronium was marketed as an alternative to succinyl-
choline. It was withdrawn from the market on March 2001,
because of reports of morbidity (bronchospasm) and mortal-
ity associated with its use.

Benzylquinolinium Compounds

These agents are esters, and metabolism via ester hydrolysis
occurs, to some extent, with each member of the group.
Some (atracurium and cisatracurium) also undergo a
nonorgan-based degradation known as Hofmann elimina-
tion. Histamine release, and its effect on cardiac and respira-
tory function, has been a relatively consistent concern over
the years with this group of agents.

D-tubocurarine

This long-acting benzylisoquinolinium agent is rarely used
in ICUs because it induces histamine release and autonomic
ganglionic blockade. Tubocurarine (Fig. 5.10) is no longer
available in the United States or Canada, but it may be
available elsewhere. It causes dose- and rate-dependent hista-
mine release and is associated with arterial hypotension fol-
lowing rapid infusions of large doses. Histamine-associated
hypotension can be minimized by slow injection, incremen-
tal dose increases, and coadministration of histamine-1 and
histamine-2 receptor blockers. Metabolism and elimination
are affected by both renal and hepatic dysfunction.

Atracurium

Atracurium (Fig. 5.11), a mixture of ten stereoisomers, is a
bisquartenary benzylisoquinoline diester with an intermedi-
ate duration of clinical action. The molecule is degraded by
both pH- and temperature-dependent Hofmann elimination
(autolysis) and by ester hydrolysis; it therefore does not
require a dosage adjustment in patients with renal or hepatic
failure. This agent is usually administered by continuous
infusion in a critical care setting. When assessed in PICU
patients, the mean duration of infusion was found to be 98 h
(range 36-284 h) during which an increasing dose require-
ment was observed in all patients. The mean infusion rate of
atracurium was 1.60+0.08 mg/kg/h and 1.72+0.15 mg/kg/h
at 72 h [31]. Hence, prolonged infusions may be associated
with the development of tolerance, necessitating significant
dose increases or conversion to other NMBAs. Laudanosine
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d-Tubocurarine (dTc)

Fig.5.10 Chemical structure of d-Tubocurarine (Courtesy of William
Joe Wheeler, PhD)

is abreakdown product of Hofmann elimination of atracurium
and has been associated with central nervous system excita-
tion. This has led to concern about the possibility of precipi-
tating seizures in patients who have received extremely high
doses of atracurium. Initial concerns about the use of this
agent in the ICU may have been the result of fear regarding a
possible association between atracurium administration and
seizure activity in dogs. However, it is unlikely to be of clini-
cal significance in humans [32].

The adverse effects associated with atracurium relate
mainly to histamine release. This commonly results in a
macular rash or erythema along the course of the vein of
injection, which may subsequently spread peripherally.
Occasionally, the rash may be accompanied by more serious
histamine-mediated effects such as hypotension, tachycardia
or bonchospasm.

Cisatracurium

Cisatracurium besylate (Fig. 5.12), an intermediate-acting
benzylisoquinolinium NMBA, is one of ten stereoisomers of
atracurium with several advantages over atracurium, includ-
ing a threefold increased potency, slower onset of action,
lack of dose-related histamine release in doses up to eight
times the 95 % effective dose, and a higher ratio of autonomic-
to-neuromuscular blockade dose. Mean recovery time in
critically ill children is approximately 52 min (35-73 min)
following cessation of infusion [28]. Cisatracurium dose
ranges for children in the PICU have averaged from 1.4 to
22.7 pg/kg/min [28, 33, 34] while the mean total duration of
infusion was approximately 65 h [28, 34]. A significant
increase in dose may be required in 30-70 % of children
receiving cisatracurium, suggesting tachyphylaxis phenom-
ena [28, 33]. Cisatracurium demonstrated a fast recovery of
neuromuscular function after its discontinuation [28, 34].
The safety of cisatracurium and its lack of active metabolites
make it a reasonable choice for use in critically ill patients.
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Doxacurium

Doxacurium, a long-acting benzylisoquinolinium agent, is
the most potent NMBA currently available. It is similar to
pancuronium in its elimination half-life and dependence on
renal clearance, but does not cause tachycardia or have other
hemodynamic effects. Initial doses of doxacurium 0.05—
0.1 mg/kg may be given with maintenance infusions of 0.3—
0.5 pg/kg/min and adjusted to the degree of blockade desired.
An initial bolus dose lasts an average of 60-80 min.
Doxacurium is primarily eliminated by renal excretion.
Doxacurium has a slow onset of action and a long duration of
effect. It is used infrequently in a adult critical care setting,
and there is limited information regarding administration by
infusion. There are no studies in pediatric population.

Mivacurium

Mivacurium has a structure similar to that of atracurium but
a shorter duration of action, a half-life of approximately
2 min. Mivacurium is hydrolysed by plasma cholinesterase
at 88 % of the rate of succinycholine, this produces duration
of action approximately twice that of succinycholine. Plasma
clearance of mivacurium decreases with age consistent with
the faster recovery times and greater infusion requirements

reported in infants and children compared with adults. There
are no available data to support its use as a continuous
infusion in the PICU.

Indications for Neuromuscular Blockade

There are many recognized indications to starting treat-
ment with a NMBA in critically ill children. These may be
categorized as short-term, to facilitate procedures, or long-
term (sustained neuromuscular blockade), as therapeutic
interventions.

Short-Term Indications

The most important indication for the use of muscle relax-
ants during respiratory failure and in patients who need
urgent or rapid control of airway is to facilitate tracheal intu-
bation. Because of the short circulation times of neonates
and infants, muscle relaxants are very rapidly distributed to
the effect sites and have short onset times. The second set of
indications of muscle relaxants include maintenance of
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flaccid muscles or immobilized patient for some imaging
studies, to ensure patient safety and successful completion of
a diagnostic or therapeutic procedure.

Long-Term Indications: Sustained
Neuromuscular Blockade

There are some studies assessing practice of analgesia, seda-
tion, and neuromuscular blockade within PICU in the USA [35]
and the UK [36]. These studies found that NMBA were used in
30 % of ventilated patients. In fact, this apparently high percent-
age has gone unchanged over the past 15 years being higher
than rate of 13 % reported in studies of critically ill adults.

There are many recognized indications for the sustained
use of neuromuscular blockade in PICU patients. The most
common indication include the facilitation of mechanical
ventilation to prevent respiratory dysynchrony, stop sponta-
neous respiratory efforts and muscle movement, improve gas
exchange and facilitate less physiological techniques such as
permissive hypercapnia, inverse ratio ventilation or high fre-
quency oscillatory ventilation.

The results from a recent study (ARDS et Curarisation
Systematique — ACURASYS) suggest a potential role for
NMB in the management of patients with acute respiratory
distress syndrome (ARDS) has been specifically studied in
adults [37]. The ACURASYS study proposes use of NMBAs
in early ARDS, but their use should be applied in the appro-
priate patient population and clinical setting. Hence, this
study suggests that early use of cistratracurium (i.e., within
8 h of ARDS diagnosis) may be appropriate in critically ill
adults with severe ARDS (i.e., PaO,/FiO,<120 mmHg)
when sedation and analgesia alone is inadequate in providing
conditions for effective mechanical ventilation. Further stud-
ies will be required to assess whether duration of neuromus-
cular blockade affects mortality and whether this benefit can
be applied to other neuromuscular blocking agents, and to
ascertain the mechanism behind the benefit of paralysis.

Additional indications include management of increased
intracranial pressure, pulmonary hypertension, treatment of
muscle contractures associated with tetanus, neuroleptic
malignant syndrome, malignant hyperthermia, management
of hypothermia in order to block the thermoregulatory
response. In some surgical patients, MNBAs allow protect-
ing surgical repairs in the immediate postoperative period
such as cricoid split procedures, tracheal reconstruction and
vascular anastomoses.

Current Treatment Strategies
In 1995, the Society of Critical Care Medicine published a

review establishing the best practice parameters for the use
of NMBAs. The recommendations concerning the use of
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NMBA s included (a) the use of pancuronium as the preferred

NMBA for most critically ill patients and (b) the use of

vecuronium as the first option in patients with cardiac dis-

ease or hemodynamic instability, with lower doses in patients
with renal or hepatic failure [38]. However, this consensus
was made for adult population. NMBAs may be adminis-
tered by intermittent injection or continuous intravenous
infusion. For critically ill children, continuous infusions may
be chosen to maintain a stable, baseline level of blockade and
thereby avoid periods of decreased blockade. There are some
authors that recommend the intermittent bolus administra-
tion because it allows [39] monitoring and titration of drug in

addition to periods of normal neuromuscular function [40].

Howeyver, there is no clear evidence that one method of

administration is superior to another.

The United Kingdom Paediatric Intensive Care Society’s
Sedation, Analgesia and Neuromuscular Blockade Group
published a set of consensus guidelines to help clinicians
manage critically ill children requiring sustained neuromus-
cular blockade [40]. The consensus assigned grades of rec-
ommendation according to strength and quality of the
scientific evidence:

1. Analgesia and sedation should be appropriately provided
before administering neuromuscular blocking agents
(Grade of recommendation = D).

2. Children receiving neuromuscular blockade should be
regularly assessed and discontinued from NMB agent as
soon as possible (Grade of recommendation = D).

3. When judged to do so, continuous infusions of neuromus-
cular blocking agents should be discontinued at least once
every 24 h until spontaneous movement returns and the
levels of analgesia and sedation can be assessed (Grade of
recommendation = C).

4. Atracurium or vecuronium administered by continuous
infusion are the choice for the majority of PICU children
requiring neuromuscular blockade. Intermittent doses of
pancuronium may be considered (Grade of recommenda-
tion = D).

5. Children receiving continuous infusions of NMB agent
should be assessed at least once every 24 h with train-of-
four monitoring. Administered doses of neuromuscular
blocking agents should be titrated to provide the optimum
level of neuromuscular blockade (Grade of recommenda-
tion = C).

Monitoring

The Food and Drug Administration recommends the use of
peripheral nerve stimulators in patients who are on NMBAs.
It is critical to combine clinical monitoring with peripheral
nerve stimulation to prevent the accumulation of the drug
or its metabolites [41]. Some studies have compared clini-
cal monitoring versus using peripheral nerve stimulation,
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a b c d

Fig.5.13 Sequence of four supranormal stimuli at a frequency of 2 Hz
during the train of four monitoring. The progressive decrease in
responses (from the fourth stimulus to the first) was 0-75 % (a), 80 %
(b), 85 % (c), 90-100 % (d) of receptor blockade, respectively.
Therefore, (0) twitch = 100 % of blockade; (1) twitch=90 % of block-
ade; (2) twitches = 85 % of blockade; (3) twitches = 80 % of blockade
and (4) twitches = 0-75 % of blockade

showing that there was a need for smaller doses with periph-
eral nerve stimulation to achieve a better rate of neuromuscu-
lar function recovery [42, 43] and a lower hospital cost [44].

Peripheral nerve stimulation can give intensivists an esti-
mation of the neuromuscular blockade magnitude, while the
clinical assessment of muscle contraction is a subjective
measure. The use of a force transducer provides a graphical
representation and quantification of the response. Some tests
have been previously described: single twitch, sustained
tetanus, train-of-four, double-burst suppression and post-
tetanic count. The most commonly used test is transcutane-
ous electrical stimulation of the ulnar nerve, using the
train-of-four test. However, its implementation in young
children can be a difficult procedure. Errors related to the
system have been linked to electrical problems, such as low
battery, inadequate current flow or poor wiring. Critically ill
patients may have edema, sweating and very oily skin,
which may interfere with electrode placement and the trans-
mission of the electrical current. To perform the train-of-
four test, a sequence of four supramaximal stimuli is
performed at a frequency of 2 Hz at intervals of 0.5 s, lead-
ing to partial paralysis with a decline in the second, third and
fourth twitches (Fig. 5.13).

Neuromuscular Blockade Reversal

Adequate neuromuscular blockade reversal is essential for
restoring and maintaining laryngeal reflexes, respiratory
effort and motor function [45]. This recovery may occur
spontaneously and may be prevented by using agents that
reverse the action of NMBAs, such as anticholinesterase
drugs or cyclodextrins.
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Anticholinesterases

Anticholinesterase drugs (0.07 mg/kg neostigmine,
0.5-1 mg/kg edrophonium or 0.2 mg/kg pyridostigmine)
bind to the cholinesterase molecule and prevent the enzy-
matic catalysis of acetylcholine, with a consequent increase
in its concentration. Neostigmine is the most commonly
used drug for neuromuscular blockade reversal with non-
depolarizing agents. Anticholinergic agents must always be
pre-administered to prevent muscarinic side effects, such
as 0.02 mg/kg atropine with a minimum dose of 0.15 mg
or 0.01 mg/kg glycopyrrolate. Atropine has a faster action
onset than glycopyrrolate. Approximately 50 % of neostig-
mine plasma clearance is dependent on renal excretion and
the catalysis of plasma esterases [46]. Acetylcholinesterase
inhibitors have disadvantages related to the slow antago-
nism of neuromuscular blockade or may be insufficient
during deep blockade or in the presence of deep inhalation
anesthesia.

Cyclodextrins

Cyclodextrins are new drug options that allow rapid control
and the complete reversal of the neuromuscular blockade
produced by NMBAs without the side effects of anticho-
linesterase drugs. A modified gamma-cyclodextrin, with a
single and selective binding property (sugammadex), forms
a firm, hydrophilic complex with steroidal NMBAs [47].
Sugammadex binds to rocuronium with a high affinity in a
1:1 complex. It also binds to vecuronium and pancuronium
to a lesser extent. A study in pediatric patients has demon-
strated that 2 mg/kg sugammadex is suitable in reversing the
moderate neuromuscular blockade induced by rocuronium
in infants, children and adolescents [48]. However, no other
clinical studies to date have evaluated the effects of sugam-
madex in pediatrics/ neonatology. Sugammadex has an addi-
tional advantage, especially in the “cannot intubate, cannot
ventilate” scenario in adult patients. It does not have many
of the side effects related to anticholinesterase and cholin-
ergic agents and can reverse a neuromuscular blockade of
any depth when using rocuronium or vecuronium. Its limi-
tations are related to cost and the inability to reverse non-
aminosteroid agents [49].

Side Effects and Complications Following
Long-Term Use

The occurrence of anaphylaxis with NMBAs is extremely
rare; however, they have the potential for serious side
effects, such as hypertension and prolonged paralysis.
Cardiovascular effects are related to the stimulation or
blockade of the autonomic nervous system and vasodilation
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Table 5.3 Drugs and conditions that affect interaction with neuromuscular blocking agents

Enhance the effects

Acidosis

Aminoglycosides

Other antibiotics (vancomycin, clindamycin, tetracycline, bacitracin,
amphotericine B, polymyxin B)

Calcium blockers

Beta-blockers

Antiarrhythmics (lidocaine, quinidine, procainamide, magnesium)
Chemotherapy (cyclophosphamide)

Dantrolene

Local and inhaled anesthetics (isoflurane)

Diuretics (thiazide and furosemide — low doses)

Cyclosporine

Neuromuscular diseases

K+

Ca++

Na*

thermia

Hypo

Antagonize the effects
Alkalosis

Steroids

Phenytoin

Carbamazepine
Theophylline
Sympathomimetic drugs
Childhood exposure to NMB agents
Furosemide (1-4 mg/kg — dose related)
K+
Ca*t

thermia

Adapted from Grehn [64]. With permission from Wolters Kluwers Health

due to histamine release. Agents with a lower risk of
cardiovascular complications are vecuronium, rocuronium
and cisatracurium.

Several clinical factors may make reversal more difficult,
including acid-base balance disorders [50], underlying neu-
rological diseases [51], antibiotic use [52] and calcium chan-
nel blockers [53]. Table 5.3 lists some drugs and conditions
that affect interaction with NMBAs.

Side effects can occur when using anticholinesterase
drugs that act on both nicotinic and muscarinic receptors.
The action of neostigmine may lead to severe bradycardia,
an increased amount of secretions, increased gastrointestinal
motility and bronchospasm [54]. Drugs with anti-muscarinic
effects, commonly atropine or glycopyrrolate, administered
simultaneously with anticholinesterase drugs may alter the
parasympathetic control of heart rate, with decreased sensi-
tivity of the baroreflex and heart rate variability [55]. A bal-
ance between the muscarinic effects of anticholinesterase
drugs and the use of atropine or glycopyrrolate is not always
achieved, which raises the possibility of changes in heart rate
with neuromuscular blockade reversal [56].

Neuromuscular blockade complications in the ICU can be
classified as short-term (accidental extubation, disconnec-
tion of the mechanical ventilator), medium-term (edema,
venous thrombosis) and long-term (prolonged paralysis,
muscle atrophy).

Critically ill patients receiving NMBAs for longer periods
are at risk for developing profound motor weakness over a
period of hours to months after discontinuing the medica-
tion, especially with the presence of other risk factors (e.g.,
corticosteroids, immobilization, severe sepsis or multiorgan
failure and hyperglycemia) [57, 58]. The etiology of myopa-
thy in severely ill patients is most likely multifactorial, and

special care should be taken when co-administering NMBAs
with corticosteroids to minimize the steroid dose and discon-
tinue the use of NMBAs as soon as clinically possible.
Myopathy should be suspected in severely ill patients with
muscle weakness in the ICU [59].

It is important to note that even a minimal degree of mus-
cle weakness due to NMBAs clinically alters the function of
the upper and pulmonary airways [60]. In 2006, Testelmans
D et al. [61] performed an analysis of muscle weakness in
rats and reported a decrease in diaphragmatic strength in ani-
mals subjected to mechanical ventilation after the infusion
of rocuronium for 24 h. However, a recent study [62] con-
cluded that NMBAs have a significant additive effect on dia-
phragmatic muscle weakness, suggesting that mechanical
ventilation and sedation are the factors that trigger dia-
phragm weakness in ICU patients. Monitoring the neuro-
muscular blockade depth (clinical examination and
peripheral nerve stimulation) is recommended and allows
the use of lower doses of NMBAs, which may minimize
these side effects [63].
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Abstract

Critically ill children in the Pediatric Intensive Care Unit (PICU) frequently undergo pain-
ful and anxiety-provoking procedures as part of their overall evaluation and management;
these may include central line insertion, arterial line placement, chest tube placement, and
lumbar puncture. Recently there has been a growing trend towards performing elective
diagnostic and therapeutic procedures in children, which formerly required hospitalization,
as same-day ambulatory procedures. Procedural sedation is often utilized to facilitate the
safe and successful performance of these ambulatory procedures in children, in order to
minimize complications and decrease the pain and anxiety associated with them.

Prior to the administration of procedural sedation it is important that adequate prepara-
tion has taken place in order to maximize patient safety. Preparation should include a full
health evaluation noting the fasting status, performance of a guided risk assessment, assign-
ment of a physical status score, and the generation of a sedation plan. Minimum monitoring
standards should be maintained from the administration of sedative agents until the recov-
ery criteria are met.

Non-pharmacological measures can be very useful in alleviating anxiety on the part of
the patient and may reduce the need for pharmacological agents. Massage, music, video-
viewing, nursery rhymes and story telling are all techniques frequently employed on the

PICU during painful procedures.
Pharmacological agents commonly used to facilitate procedural sedation include chloral
hydrate, benzodiazepines such as midazolam, ketamine and propofol.
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Introduction

Critically ill children in the Pediatric Intensive Care Unit
(PICU) frequently undergo painful and anxiety-provoking pro-
cedures as part of their overall evaluation and management,
including central line placement, arterial line placement, chest
tube placement, and lumbar puncture. Recent years have wit-
nessed a growing trend towards performing elective diagnostic
and therapeutic procedures in children, which formerly
required hospitalization, as same day ambulatory procedures.
Studies show that children who undergo these diagnostic and
therapeutic procedures often find the actual procedure to be
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worse than their disease [1, 2]. Procedural sedation is often
utilized to facilitate the safe and successful performance of
medical procedures in children, as well as to minimize compli-
cations and decrease the pain and anxiety associated with these
procedures. Many hospitals have created pediatric sedation
centers designed especially for this purpose, while other hospi-
tals use the PICU to perform these ‘outpatient’ medical proce-
dures. The Pediatric Intensivist therefore frequently provides
procedural sedation and anesthesia in a number of different
circumstances in the PICU, as well as in non-critically ill chil-
dren from a variety of other settings.

Definition of Procedural Sedation

There is considerable variation in the definition of the target
states for procedural sedation. Some of the most commonly
referred to are those of the American Academy of Pediatrics
(AAP) originally produced in 1992, with revisions in 2002
and 2006 [3-5]. Recent efforts have been aimed at coordi-
nating a unified nomenclature and common standards for
pediatric procedural sedation. The aims of procedural seda-
tion in children are generally to allow the completion of a
specific procedure with relief of anxiety and pain and reduc-
tion of excessive movement using therapeutic agents appro-
priate to the clinical circumstance. Current definitions
describe a continuum of the depth of sedation ranging from
‘minimal sedation’ (formerly anxiolysis), through ‘moder-
ate sedation’ (formerly conscious sedation or sedation/anal-
gesia) and ‘deep sedation’ (formerly deep sedation/
analgesia) to ‘general anesthesia’ [6]. Minimal sedation is
defined as a drug-induced state during which patients
respond normally to verbal commands, although with
impaired cognitive function and coordination and where
ventilatory and cardiovascular functions remain unaffected.
Moderate sedation is defined as a drug-induced depression
of consciousness during which patients respond purpose-
fully to verbal commands (e.g. open your eyes), which may
be accompanied by gentle tactile stimulation. No interven-
tions are required to maintain a patent airway, spontaneous
ventilation is adequate, and cardiovascular function is usu-
ally maintained. Deep sedation is defined as a drug-induced
depression of consciousness during which patients cannot
be easily roused but will respond purposefully following
repeated or painful stimulation. The ability to maintain ven-
tilatory function independently may be impaired, spontane-
ous ventilation may be inadequate, and the patient may
require assistance in maintaining a patent airway. Protective
airway reflexes may be lost, though cardiovascular function
is usually maintained. General anesthesia is defined as a
drug-induced loss of consciousness during which patients
are not arousable. The ability to maintain a patent airway
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Table 6.1 American Society of Anesthesiologists (ASA) Physical
Status Score

ASA physical status Description

Class 1 Healthy child

Class II Child with mild systemic disease that
does not limit normal activity

Class 11T Child with severe systemic disease that
limits normal activity

Class IV Child with severe systemic disease that is
a constant threat to life

Class V Moribund child not expected to survive

without surgery

Note: Generally, children meeting criteria for ASA Physical Status
Class III, IV, or V are not suitable candidates for procedural sedation,
and in these cases, general anesthesia is preferable

and spontaneous respiration is depressed and the patient
may require ventilatory support. Cardiovascular function
may also be impaired. A state of “dissociative sedation” has
also been defined when referring to the effects of ketamine
(see below). These various target states require various
safety nets to ensure that adverse effects are avoided or min-
imized and that a child can be rescued promptly and safely
should an adverse effect occur.

Preparation for Sedation
Pre-procedural Assessment

For elective procedures appropriate informed consent
should be obtained and documented in the patient’s medical
record [7]. This should be obtained by the person responsi-
ble for administering the sedation. In an emergency it is jus-
tifiable to proceed without informed consent if it is vital to
the child’s wellbeing [6]. However, in most cases of proce-
dural sedation, there will be ample time to obtain written,
informed consent. A full health evaluation should be carried
out prior to sedation. Conducting a pre-sedation assessment
can reduce the incidence of complications during proce-
dural sedation in children. Such an assessment should
include noting the fasting status, performance of a guided
risk assessment, assignment of a physical status score
(Table 6.1), and generation of a sedation plan. Hoffman and
colleagues found that adherence to guidelines for a struc-
tured process for pediatric procedural sedation reduced the
occurrence of adverse events [8]. Assessment of the airway
for history or features which may increase risk of sedation
should also form part of the pre-sedation assessment.
Vespasiano and colleagues found that development of a pre-
procedural airway score assisted in identifying patients who
may need airway interventions which may aid formulation
of the sedation plan [9].
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Table 6.2 NPO guidelines

Infants 0—-5 months of age No milk or solids for 4 h before

procedure

Infants 6-36 months of age No milk or solids for 6 h before
procedure

Children > 36 months of age No milk or solids for 8 h before
procedure

Note: Clear liquids are acceptable up to 2 h before procedure

Fasting Guidelines

As sedation may cause depression of protective airway
reflexes it is generally recommended that children receiv-
ing sedation for elective procedures undergo the same
pre-procedural preparation with regards to fasting as for
in preparation of general anesthesia. Therefore children
should not drink fluids or eat solid foods for a sufficient
period of time to allow for gastric emptying prior to their
procedure; this would equate to 2 h for clear fluids, 4 h
for breast milk and 6 h for formula milks and solid food
(Table 6.2). However this recommendation is controversial
and there is evidence to suggest pre-procedural fasting may
not be necessary. In addition prolonged fasting may lead
to hypoglycemia in young infants. Agrawal and colleagues
studied 1,014 patients undergoing procedural sedation and
analgesia in the Emergency Department where 56 % were
not fasted in accordance with established guidelines [10].
Emesis occurred in 15 patients (1.5 %) with no documented
episodes of aspiration, and there were no significant differ-
ences in the median fasting duration between patients with
and without adverse events and between patients with and
without emesis. Similarly, Roback and colleagues studied
2,085 patients receiving parenteral sedation by emergency
physicians for procedures [11]. Emesis occurred in 156
patients (7.5 %) with no episodes of aspiration. Again there
was no association found between pre-procedural fasting
and the incidence of adverse events. A further study by Bell
in 2007 of 400 patients receiving propofol for sedation in
the emergency department found 70 % of patients were not
fasted and reported no cases of aspiration or adverse events
[12]. These and other data have been used to argue that fast-
ing is not needed prior to procedural sedation, though most
practitioners agree that this depends on the target state,
patient, procedure and drugs to be used. In 2010 a large sys-
tematic review on pre-procedural fasting in the emergency
department concluded that high level evidence suggests
there is no link between non-fasted patients and pulmonary
aspiration therefore strict adherence to fasting guidelines
may be unnecessary [13]. However it is worth considering
that some patient groups are at higher risk of aspiration; for
example trauma patients and those with gastro-oesophageal
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reflux, therefore it is worth considering fasting period as
part of the pre-procedural assessment and creation of a
sedation plan.

Monitoring

Minimum monitoring standards should be maintained from
the administration of sedative agents until the recovery crite-
ria are met, which should all be documented within the
patient’s notes. This should include level of sedation, details
of drugs administered, assessment of ventilatory status, pulse
rate, non-invasive blood pressure and any adverse incidents.
Ventilatory status should be monitored by means of observa-
tion or auscultation and with the use of pulse oximetry or
ideally capnography. Pulse oximetry is not a good measure
of hypoventilation in the presence of supplemental oxygen.
Deitch and colleagues reported that the addition of capnog-
raphy to standard monitoring reduced incidents of hypoxia in
adults receiving sedation in the emergency department [14].
Similar results were reported by Lightdale and colleagues in
a study of 163 children undergoing sedation for gastrointes-
tinal procedures as part of a randomized controlled trial. Use
of capnography increased detection of alveolar hypoventila-
tion and reduced hypoxemic events [15].

Monitoring of the level of consciousness of those under-
going procedural sedation allows for the titration of sedative
agents in order to achieve the target depth of sedation.
Maintenance of verbal contact or responsiveness to light tac-
tile stimulation are useful for the lighter planes of sedation,
but are not so useful for younger pre-verbal children, when
stimulation of the child might interfere with the procedure,
(for example during diagnostic imaging) or when dissocia-
tive sedation is being used. Some authors have advocated the
use of the bispectral index monitor as a quantitative scoring
system for use during procedural sedation [16, 17]. The
bispectral index (BIS) is a processed neurophysiological
electroencephalographic parameter which may be used for
evaluating the depth of sedation or anesthesia in the critically
ill. Although the BIS monitor correlates well with clinical
measures of deeper levels of hypnosis, sedation, and anes-
thesia, it is a poor predictor of movement in response to pain-
ful stimuli and is not a good measure of the adequacy of
analgesia. The BIS monitor does not work for ketamine dis-
sociative sedation as the value increases rather than falls as
more drug is administered. The resolution of BIS is poor
when trying to differentiate lighter levels of sedation. There
is currently insufficient evidence to recommend the routine
use of BIS monitors during procedural sedation.

It is good practice for a specific individual, other than the
operator carrying out the procedure, to monitor the patient
throughout any procedure performed under sedation. This
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Table 6.3 Suggested emergency drugs

Oxygen

Glucose (D50W)

Atropine

Epinephrine (1:1,000 and 1:10,000)
Phenylephrine

Dopamine

Diazepam

Isoproterenol

Calcium chloride or calcium gluconate
Sodium bicarbonate

Lidocaine (both for resuscitation and local anesthesia)
Naloxone hydrochloride
Diphenhydramine hydrochloride
Hydrocortisone

Methylprednisolone

Succinylcholine

Aminophylline

Racemic epinephrine

Albuterol by inhalation

Adapted from Refs. [3, 4]

Note: The choice of emergency drugs may vary according to individual
need and local practices

individual should be trained in the recognition of complica-
tions associated with the administration of sedative and
analgesic agents and should be trained in basic life support
skills when moderate sedation is planned, and trained in
advanced life support skills whenever deep sedation is
planned. Because sedation is a continuum from anxiolysis
through to general anesthesia, it is not always possible to
predict how an individual patient will respond. Hence, prac-
titioners intending to produce a given level of sedation
should be able to rescue patients whose level of sedation
inadvertently becomes deeper than that initially intended.
A full range of age-appropriate emergency equipment
should be available whenever sedative or analgesic drugs
capable of causing cardiorespiratory depression are admin-
istered (Tables 6.3 and 6.4). Specific antagonists should be
available for opioid agents (naloxone) and benzodiazepines
(flumazenil).

Patients may continue to be at risk of developing compli-
cations after the completion of procedures performed under
sedation especially if routes other than the intravenous one are
used for the administration of sedative agents. Units should
therefore develop clinical guidelines for the recovery and dis-
charge of these patients. The patient should be observed in a
suitably equipped recovery area with appropriately trained
staff for continued monitoring of the patients respiratory
and cardiovascular parameters until recovery criteria are met
(Table 6.5). In the large prospective study published by the
Pediatric Sedation Research Consortium data from 114,855
subjects were collected and analyzed. There was significant
variation in the frequency of use of each physiologic moni-
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Table 6.4 Suggested emergency equipment

Airway and breathing
Face masks (Infant, child, small adult, medium adult, large adult)
Breathing bag and valve set
Oral airways (Infant, child, small adult, medium adult, large adult)
Nasal airways (Small, medium, large)
Laryngoscope handles
Laryngoscope blades
Straight (Miller) No. 1, 2, 3
Curved (Macintosh) No. 2, 3
Endotracheal tubes
2.5,3.0,3.5,4.0,4.5, 5.0, 5.5, 6.0 uncuffed
6.0, 7.0, 8.0 cuffed
Stylettes (appropriate sizes for endotracheal tubes)
Surgical lubricant
Suction catheters (appropriate sizes for endotracheal tubes)
Nasogastric tubes
Yankauer-type suction catheter
Portable nebulizer
Circulation
Intravenous catheters (24-, 22-, 20-, 18-, and 16-gauge)
Tourniquets
Alcohol wipes
Adhesive tape
Assorted syringes (1, 3, 6, and 12 mL)
Intravenous tubing
Pediatric drip (60 drops/ml)
Pediatric burette type
Adult drip (10 drops/ml)
Extension tubing
Intravenous fluid
Lactated Ringer’s solution
Normal saline
Three-way stopcocks
Pediatric intravenous (IV) boards
Intraosseous bone marrow needle
Sterile gauze pads
Gloves

Adapted from Refs. [3, 4]

toring modality with the largest difference in frequency of
monitoring use being seen between providers using electro-
cardiography; which varied from 13 to 95 % [18].

Complications

The true complication rate of procedural sedation is difficult
to define. Some authors seem to suggest that any sedation
regimen that allows a procedure to be completed is successful.
Clearly the goals of procedural sedation vary according to
the clinical setting and while a prolonged recovery time after
a specific procedure may have no bearing on a critically ill,
mechanically ventilated child, it may be a significant factor
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Table 6.5 Recommended discharge criteria

Generally, once all of the following criteria have been met, a child is
ready for discharge:

1. Cardiovascular function and airway patency are satisfactory and
stable

. The patient is easily arousable, and protective reflexes are intact
. The patient can talk (if age-appropriate)
. The patient can sit up unaided (if age-appropriate)

wn AW N

. For a very young or handicapped child, incapable of the usually
expected responses, the presedation level of responsiveness or a
level as close as possible to the normal level for that child
should be achieved

6. The state of hydration is adequate

in the management of an out-patient undergoing the same
procedure. This may explain why the reported rates of failure
of procedural sedation vary so widely from 1-3 % up to
10-20 % [19].

Cote and colleagues reported that adverse sedation
events were not particularly associated with one specific
class of sedative agent but were commonly associated with
drug overdosing and when multiple agents were used, par-
ticularly three or more agents [20]. Cote has also demon-
strated that adverse outcomes after procedural sedation
occur more commonly in the non-hospital setting where
there is also a greater chance of inadequate resuscitation
[21]. The complication rate during procedural sedation also
increases with the depth of sedation. Hoffman and col-
leagues reported complications in 34 patients out of 895
(3.8 %) undergoing planned ‘conscious’ sedation and in 6
patients out of 65 (9.2 %) undergoing planned ‘deep’ seda-
tion [8]. Caperell and Pitetti reported a higher adverse event
rate in those patients ASA class 2 and above from a study of
1,232 patient receiving procedural sedation in the emer-
gency department [22].

Sedation Strategies
Non-pharmacological Measures

Non-pharmacological measures can be very useful in allevi-
ating anxiety on the part of the patient and reduce the need
for pharmacological agents. Massage, music, video-viewing,
nursery thymes and story telling are all techniques frequently
employed on the PICU during painful procedures [23-25].
Guided imagery is particularly useful in young school age
children. Communication of procedural information [26],
continual reorientation, reassurance, environmental noise
reduction and the presence of relatives at the bedside can all
allay anxiety. A Cochrane review reported some evidence
that cognitive behavioral interventions can reduce the pain
and distress in painful procedures [27]. New developments
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using virtual reality technology have been developed and
used with some success to alleviate distress from painful
procedures [28].

Pharmacological Agents

Chloral Hydrate

This venerable hypnotic agent is still frequently used, par-
ticularly prior to diagnostic imaging in children under 3 years
of age (Table 6.6). It is converted to trichloroethanol and has
no analgesic properties. The most common adverse events
associated with chloral hydrate are gastrointestinal intoler-
ance, myocardial depression, hypotension and arrhythmias.
Triclofos sodium is a chloral hydrate derivative which causes
fewer gastro-intestinal disturbances. Paradoxical excitement/
agitation may occur, and in combination with other sedative
agents respiratory depression may be profound. Although
traditionally thought of as a safe drug with predictable effects
and minimal respiratory depression, Cote and colleagues
found that chloral hydrate was the most common drug whose
administration as a single sedative agent resulted in death or
permanent neurological injury [20]. Similarly, Hoffman
reported that chloral hydrate was the only agent whose use
was associated with higher risk of adverse events even when
used as the sole sedative agent and after adjusting for target
sedation level [8]. It was the only agent in this study to be
associated with the inadvertent development of deep seda-
tion when used alone.

Chloral hydrate can have a long half life which varies
from 4 to 12 h; as such it may not be the most logical choice
of sedative agent for brief procedures in patients who are not
mechanically ventilated. Importantly there is also a signifi-
cant incidence of prolonged recovery and delayed side
effects with chloral hydrate [29]. These investigators found
restlessness and agitation lasting more than 6 h in around
30 % of children undergoing neuroimaging with chloral
hydrate sedation, 5 % of whom did not return to normal for
2 days after the procedure. An additional consideration is
that the chloral hydrate is no longer commercially available
in the United States, though some hospitals are compound-
ing it themselves.

Benzodiazepines

Midazolam is the most commonly used sedative agent for
procedural sedation in children and adults. Midazolam’s
imidazole ring provides stability in solution and allows for
rapid metabolism with midazolam having the most rapid
clearance of the commonly used benzodiazepines.
Benzodiazepines exert their effects through the GABA,
receptor and midazolam provides potent sedation, antegrade
amnesia, and anxiolysis. Importantly the effects of mid-
azolam can be reversed with the antagonist flumazenil.
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Table 6.6 Commonly used sedative agents for procedural sedation
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Route of Onset of action Dose range commonly
Agent administration  (min) Duration of action cited Major adverse effects
Chloral hydrate PO, PR 3040 0-90 min 60-80 mg/kg Slow, unpredictable onset
Long, irreversible duration
Paradoxical agitation
Nausea/vomiting
Midazolam PO 20-30 30-60 min 0.2-0.6 mg/kg Respiratory depression
PR 20-30 30-60 min 0.2-0.6 mg/kg Hypotension
IN, SL 3-5 30-60 min 0.2-0.3 mg/kg
™M 1-5 30-60 min 0.05-0.1 mg/kg
v 1-5 15-30 min 0.05-0.1 mg/kg
Pentobarbital M 10-15 15-30 min 2-6 mg/kg Respiratory depression
v <1 15 min 1-3 mg/kg
PO 15-60 1-4h 2-6 mg/kg Hypotension
Ketamine ™M 5-10 34h 3-4 mg/kg Emergence dysphoria, agitation
v 1-5 1-2h 1-2 mg/kg Hypersalivation
Propofol v 10-15 5-10 min 1-2 mg/kg induction Respiratory depression
150-250 pg/kg/min Hypotension
(continuous infusion)
Remifentanil v 1-3 5-10 min 1 pg/kg bolus Respiratory depression
0.25-1 pg/kg/min Hypotension
(continuous infusion) Nausea/vomiting
Dexmedetomidine IV 30 1 pg/kg bolus (over Bradycardia
10 min)
0.2-0.7 pg/kg/h Hypertension

IN intranasal administration, SL sublingual administration

The metabolism of midazolam can be impaired by concur-
rent administration of macrolide antibiotics or grapefruit
juice which causes significant prolongation of its sedative
effects.

Midazolam can be administered by multiple routes; intra-
venous, oral and intranasal. Intranasal is advantageous as it
can be used the combative child with no intravenous access,
although it can cause nasal irritation on administration as the
soluble formulation has an acidic pH. In a study by Wood
and colleagues only 57 % of patients found it acceptable [30]
although it can be combined with lignocaine to reduce nasal
discomfort [31].

In a prospective study of 561 patients by Singh and Kumar
intravenous midazolam was found to be an effective sole
agent for sedation for CT scan with a failure rate of 2.11 %
with no respiratory depression requiring intervention more
than application of oxygen [32]. However midazolam has no
analgesic properties and may not be as effective as sole agent
for painful procedures.

Propofol

Propofol (2,6-diisopropylphenol) is an intravenous sedative-
hypnotic agent used in the induction and maintenance of
anesthesia in adults and children over the age of 1 month,
and for the sedation of adults during critical illness. It is

(continuous infusion)

unrelated to barbiturate, steroid, imidazole or eugenol drugs.
One of the most attractive properties of the agent is its rapid
onset of action; hypnosis usually occurring within 40 s from
the start of an injection. It is rapidly taken up into brain tissue
and works through a variety of mechanisms. The drug
appears to work, at least partially, through the GABA , recep-
tor pathway, in that it potentiates GABA ,-evoked responses
and probably also activates the GABA, receptor complex
directly. A further appealing property of propofol is its very
rapid recovery time once the drug is discontinued.

In 2001 the UK Medicines Control Agency and
Committee on Safety of Medicines repeated advice that pro-
pofol was contraindicated in children aged 16 years and
under when used as an infusion for sedation and was not
recommended for procedural sedation in children [33]. The
reason for caution in the administration of propofol for seda-
tion is that it has been associated during prolonged adminis-
tration with the so-called propofol infusion syndrome
characterized by acidosis, bradyarrhythmia and rhabdomy-
olysis. This complication is rare but frequently fatal and has
been reported in some 21 children and 14 adults [34]. At the
subcellular level, propofol impairs fatty acid oxidation and
mitochondrial activity with transient elevations in malonyl-
carnitine and C5-acylcarnitine during propofol infusion syn-
drome [35].
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A survey of PICUs in the UK and North America in 2004
found propofol was used for sedation during procedures by
all 48 responding units. Amongst the UK units 35 % reported
that they would be less likely to use propofol for procedures
than in the past, compared to 18 % of North American Units
[36]. A survey of UK PICUs in 2007 reported propofol use
in only 2.6 % patients but reported no adverse incidence
associated with use of propofol [37].

Pediatric Sedation Research Consortium reported a seri-
ous complication rate of 2.28 %; (95 % confidence interval
2.1-2.5 %) from 25,433 pediatric propofol sedations by
emergency physicians. This included only one cardiac arrest,
one emergency intubation and two cases of aspiration [38].
Similar low respiratory complication rates were reported by
Machata following a propofol sedation regime for 500
patients undergoing for MRI scanning [39].

Vespasiano and colleagues studied Intensivists’ experi-
ence of 7,304 propofol sedations in patients ranging from
1 month to 21 years. They found propofol had an acceptable
safety profile with no procedures abandoned; 5 % of patients
suffered brief rapidly correctable desaturation, 2.6 % patients
required some form of airway or respiratory intervention and
severe airway incidences such as laryngospasm and aspira-
tion were rare (0.27 %, 0.01 %). Hypotension was relatively
common (31 %) but requirements of greater than 40 ml/kg
volume replacement was unusual (0.11 %) [40].

Reeves and colleagues studied 16 children who under-
went 19 intrathecal chemotherapy and bone marrow aspira-
tions. The children were monitored with BIS scores and the
lowest mean BIS score for all of patients was 29.7+13.7,
indicating that a depth of sedation equivalent to general anes-
thesia was necessary to allow the practitioner to perform the
procedure [41]. Given the depth of sedation that appears to
be produced when using propofol for procedural sedation it
is not surprising that a relatively high rate of minor airway
compromise and is reportedly associated with its use [42, 43].
Despite these reservations propofol has been safely used in
large cohorts of children, even for prolonged sedation, and
administered by non-anesthesiologists [44].

Ketamine

Ketamine is a dissociative anesthetic agent, structurally simi-
lar to phencyclidine, which produces a cataleptic trance-like
state by apparently producing an electrophysiological disso-
ciation between the limbic and thalamoneocortical systems
[45]. It is the only agent that confers high levels of both seda-
tion and analgesia. It has a rapid onset of action and a short
duration of action owing to its short redistribution half-life of
5 min; the elimination half-life is 130 min. Ketamine has
several unique features that include producing virtually no
central respiratory depression, the maintenance of airway
reflexes, and bronchodilation. In addition, functional resid-
ual capacity, minute ventilation and tidal volume are
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unaffected following the administration of ketamine. It has
fewer cardiac side effects than other sedative agents primar-
ily because it stimulates endogenous catecholamine release,
producing increases in heart rate, blood pressure and cardiac
output. Ketamine may have a particular role for emergency
procedures where patients have not been fasted. In 30 years
of regular use, there have been no documented reports of
clinically significant aspiration of gastric contents following
the use of ketamine for procedural sedation in patients with-
out established contraindications. Early reports suggested
that the administration of ketamine to patients with evolving
intracranial processes was associated with clinically impor-
tant increases in intracranial pressure [46]. More recent data
suggest that these increases are more modest and may be
blunted by pre-treatment with benzodiazepines [47].

Green and colleagues reported a retrospective study of
442 procedural sedation episodes using ketamine in 333 chil-
dren on a PICU [48]. Adequate sedation was noted in all but
nine procedures (98 %). Complications were understandably
more common in those children who were not already intu-
bated with 15 airway complications (5.4 %) and ten episodes
of emesis (3.6 %) in non-intubated patients. Ketamine may
be administered intravenously or intramuscularly however
Melendez and Bachur reported that although serious adverse
incident rate using ketamine was low (1 %); higher rates
were seen in patients receiving intramuscular drug (odds
ratio 2.1, 95 % CI, 1.3-3) most noticeably increased inci-
dence of laryngospasm [49].

Ketamine is increasingly being used in combination with
propofol; which has been referred to as “ketofol”. Several
studies have shown this combination to be effective whilst
having a favorable side effects profile by combinations of their
clinical actions [50, 51]. David and Shipp, however, reported
no difference in the incidence of respiratory depression in a
comparison between “ketofol” and propofol alone [52].

Barbiturates

Barbiturates have been used for many years to provide pro-
cedural sedation in children and are frequently the agents of
choice to facilitate diagnostic imaging in children aged
3 years and older. They have the advantage that they can be
delivered by multiple routes. Pentobarbital has been reported
to produces successful procedural sedation in 98 % of chil-
dren undergoing diagnostic imaging. In a recent study how-
ever, pentobarbital facilitated a quicker sedation onset and
reduced the requirement for supplemental sedation com-
pared to chloral hydrate, but produced a higher incidence of
paradoxical reaction (14 %) and prolonged recovery [53].

Remifentanil

Remifentanil is an ultra-short acting opioid agent metabo-
lized by plasma and tissue esterases and is characterized by
having a very short context-sensitive half life. When used in
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17 children for sedation during painful procedures, Bauman
and colleagues found an unacceptably high incidence of life-
threatening respiratory depression at subtherapeutic levels of
the drug [54]. This feature may makes remifentanil more
useful in situations where the airway is already protected,
either in the mechanically ventilated PICU patient or during
procedures such as fiberoptic bronchoscopy. Berkenbosch
and colleagues reported on the use of remifentanil during
flexible fiberoptic bronchoscopy in 15 pediatric patients. All
procedures were completed easily without significant com-
plications being reported. Patients recovered to baseline sta-
tus 13.3 min (+8.5 min) following discontinuation of the
infusion [55]. Similarly, Reyle-Hahn studied the use of a
continuous infusion of remifentanil and intermittent boluses
of propofol for sedation during flexible fiberoptic bronchos-
copy in 26 children. Sedation was successfully achieved in
all children without any adverse effects being reported. Here,
all patients were awake at 5 min (+1.3 min) following dis-
continuation of the remifentanil infusion [56].

Dexmedetomidine

Dexmedetomidine is a potent alpha-2-agonist which has
become popular due to its favorable side effects profile.
Dexmedetomidine is currently only licensed for short-term
sedation in adult patients and does not yet have approval for
use in children despite evidence to support its use in the lit-
erature. Dexmedetomidine acts via activation of presynaptic
alpha-2-receptors; which centrally causes reduced sympa-
thetic activity and spinal action causes potent analgesia [57].
Dexmedetomidine is administered by intravenous bolus fol-
lowed by an infusion, although there have been limited
reports of use via the oral route [58]. Initial reports suggested
that dexmedetomidine may not suitable to be used as a sole
agent and has been used in combination with midazolam and
ketamine [59-61]. However, Mason et al. reported a 97.6 %
success rate when used as a sole agent for MRI scan [62].
Dexmedetomidine has also been used successfully to prevent
emergence delirium and withdrawal when recovering from
sedation from other agents [63, 64].

Dexmedetomidine appears to have to minimal respira-
tory effects even at high doses [65] making it an ideal agent
for sedation. The main adverse effects seen are cardiovas-
cular and easily correctable by cessation of the infusion
[59]. Hammer et al. conducted electrophysiological studies
on patients receiving dexmedetomidine sedation for cardiac
ablation and reported significant sinoatrial and atrioventric-
ular node depression causing significant bradycardia and
hypertension [66]. However two studies by Mason et al.
reported hypertension in only 4.9 % of patients and brady-
cardia in 16 % with no adverse sequelae in patients receiv-
ing high-dose dexmedetomidine infusion for imaging. The
incidence of hypertension appears to be higher if the patient
is less than 1 year of age [67, 68].
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Inhalational Agents
Inhalational agents have been used for procedural sedation
and have the advantage of not requiring intravenous access.
Nitrous oxide has analgesic, amnesic and anxiolytic proper-
ties and induces a dissociative sedation. The PediSedate® is a
nitrous oxide delivery system with a headset which can be
combined to an interactive video game as a distraction ther-
apy. Brown et al. reported with use of the PediSedate® com-
pared to a standard care regimen reduced significantly less
distress and improved patient cooperation [69]. The AAP had
cautioned against nitrous oxide concentration greater than
50 % due to increased likelihood of moderate or deep seda-
tion [5]. Zier and colleagues however reported a significant
number of children remain minimally sedated while receiv-
ing N,O at concentrations greater than 50 % via a hood sys-
tem and no difference in the incidence of adverse events than
those receiving less than 50 % in study of 1858 cases [70].
Sevoflurane has been found to be effective sedative for
outpatient gastrointestinal endoscopy. Montes and Bohn
found that compared to combined midazolam-fentany- ket-
amine sevoflurane was associated with lower incidence of
adverse effects and decreased time to wakening and dis-
charge [71]. However the use of anaesthetic agents requires
specialist delivery systems and knowledge.

Comparative Studies

Comparative studies of sedative agents for procedures in
PICU are hampered by the low incidence of serious adverse
events. Many thousands of patients would need to be
enrolled in prospective studies to establish any difference in
mortality between two different regimes. Several authors
have compared propofol with ketamine for procedural seda-
tion. Vardi and colleagues studied 98 children who under-
went 105 procedures using propofol sedation for 58
procedures, and ketamine with midazolam and fentanyl for
47 procedures [43]. Both protocols provided effective seda-
tion. Recovery time was significantly shorter in the propofol
group (23 min vs 50 min) although transient decreases in
blood pressure, partial airway obstruction, and apnea were
more frequent in this group. Five children (10.6 %) who had
received ketamine experienced discomfort during emer-
gence from sedation. The authors highlight that because
transient respiratory depression and hypotension are associ-
ated with propofol administration, it should only be used in
a monitored environment under the supervision of suitably
trained staff.

Seigler and colleagues concluded that both propofol and
ketamine combined with midazolam provided adequate
sedation for most pediatric procedures but that the mean time
to awakening was significantly less with propofol than when
ketamine was used (36.6x15 min Vs 69.2+43 min) [41].
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The rate of unplanned tracheal intubation was the same in
both groups at 0.7 %. More minor complications were
reported with propofol, but all responded to airway reposi-
tioning, supplementary oxygen and intravenous fluid admin-
istration. Similar results were reported by Lebovic and
colleagues who compared propofol with ketamine in 20
pediatric patients undergoing cardiac catheterization [72].
Seven patients in the propofol group experienced a transient
decrease in mean arterial blood pressure of greater than 20 %
of baseline compared to only one patient in the ketamine
group. Time to full recovery was significantly less in the pro-
pofol group (24+19 min Vs 139+87 min).

Mallory and colleagues compared propofol and pentobar-
bitone sedation in 11,846 patients undergoing MRI scan
(propofol: n=5072, pentobarbitone: n=2007) concluding
that propofol was more effective. Pentobarbitone had
increased incidence of procedure cancellation due to poor
sedation, vomiting, unplanned admission and allergic com-
plications. There was significant difference in the incidence
of airway complication and recovery time for propofol was
significantly shorter (30 v 45 min) [73].

Kennedy and colleagues studied 260 children requiring
emergency fracture or joint reduction who received intra-
venous midazolam plus either fentanyl or ketamine [74].
Both regimens were effective in facilitating fracture reduc-
tion ketamine proved more effective than fentanyl for relief
of pain and anxiety in children. Respiratory complications
occurred less frequently with ketamine than with fentanyl,
but respiratory support was required by children receiving
both protocols. The average time required for recovery was
longer for ketamine/midazolam than for fentanyl/midazolam
(127.6£56.2 min Vs 113.3+36.9 min).

Safety of the Clinical Setting

It is important to emphasize that the standards of seda-
tion practice outside the PICU setting should be the same
as within the PICU. This is particularly important where
advanced techniques are used, when drug combinations are
employed, and when younger or less fit patients are to be
sedated. In many cases the standards must be equivalent to
those for children undergoing general anesthesia.
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Abstract

Children undergoing high blood loss surgical procedures face the same risks associated
with transfusion as adults but must live with the sequelae of transfusion-related complica-
tions throughout a much longer life span. Avoidance of allogeneic blood transfusion can be
accomplished with a team approach that relies on a thorough understanding of patient- and
procedure-associated risk factors for bleeding, allowing patients who might benefit from a
perioperative blood conservation strategy to be identified. The individual components of a
multidisciplinary, multimodal blood conservation plan are discussed in this chapter. These
elements include preoperative erythropoietin therapy, perioperative autologous blood col-
lection (preoperative autologous donation, intraoperative hemodilution and cell salvage),
antifibrinolytics, deliberate hypotension, and blood sparing surgical techniques. The adop-
tion of lower transfusion triggers, institutional transfusion algorithms, and reduced blood
sampling can result in fewer transfusions for all pediatric surgical patients.

Keywords
Blood conservation ¢ Blood transfusion, allogeneic * Blood loss, surgical * Blood transfu-
sion, autologous * Antifibrinolytic * Hemodilution * Transfusion triggers ¢ Transfusion,

risks

Introduction

The appearance of the acquired immunodeficiency syn-
drome (AIDS) and the attendant risk of transmission of its
agent, the human immunodeficiency virus (HIV), through
blood products prompted a massive effort to lower trans-
fusion rates around the world. While the infectious risks
of transfusion have been nearly eliminated through better
donor screening, collection processes and testing, contin-
ued concerns about the noninfectious risks of transfusion
mandate the avoidance of allogeneic transfusions when-
ever possible. Given that surgical patients are the biggest
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consumers of blood, and intraoperative transfusion can have
major impacts on mortality and morbidity [1], perioperative
blood conservation has become an imperative. This chapter
will provide the justification for avoiding allogeneic blood
transfusion (ABT) in the perioperative setting, a discussion
of high risk of transfusion scenarios, and an overview of
currently accepted methods of blood conservation in the
pediatric surgical population.

Risks of Transfusion and the Need for Blood
Conservation

A recent review compiled the estimated risks of transmitting
hepatitis B, hepatitis C, HIV, and human T-lymphotrophic
virus based on data from hemovigilance systems in the U.S.,
U.K. and Canada [2]. The extremely low risk of transfusion-
associated HIV from the US data (1 in 1.5 billion donations)
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is due to careful donor screening and nucleic acid testing
for viral contamination. Unfortunately, there continue to
be constant threats to the blood supply from emerging new
infectious agents, such as the recent appearance of West Nile
Virus and the prion responsible for variant Creutzfeld-Jakob
disease. Other blood-borne agents are expected to emerge
over the coming years due to globalization, climate change,
and other factors. Due to improved collection, processing
and detection practices, bacterial contamination of blood
and platelets is decreasing but still remains problematic,
accounting for 10 % of U.S. and U.K. transfusion-related
fatalities [3].

The non-infectious risks of transfusion have been recog-
nized for years (acute hemolytic reactions, alloimmuniza-
tion, post-transfusion purpura, anaphylaxis, febrile reactions,
graft versus host disease, and circulatory overload). However,
Transfusion Related Acute Lung Injury (TRALI) [4] and
Transfusion Related Immunomodulation (TRIM) [5] have
only recently become fully appreciated as complications of
blood product administration. The clinical presentation of
TRALI (new onset, hypoxemic pulmonary dysfunction
within 6 h of a transfusion) is thought to be under recognized
but is responsible for at least a third of transfusion-related
deaths in the U.S. and Great Britain [3]. Reports of TRALI in
pediatric patients [6] are uncommon, likely a reflection of the
difficulty in establishing the diagnosis and the lack of pediat-
ric practitioners’ familiarity with this entity. The clinical
effects of TRIM are even more obscure than TRALI and
appear to be, in part, a consequence of the red blood cell
“storage lesion”. The often reported association between the
perioperative transfusion of “old” red blood cells (RBC) and
the progression of cancer [7] and postoperative infections
and mortality [8] has yet to lead to a cohesive mechanistic
explanation of TRIM. Myriad other elements of the storage
lesion such as decreased RBC deformability [9], changes in
microvascular blood flow [10, 11], reduced oxygen delivery
to tissues [12], and organ dysfunction [13] are also under
active investigation. Interestingly, a 2010 analysis of over
400,000 transfusion episodes on the effects of duration of
RBC storage found minimal association between the age of
transfused RBCs and post-transfusion mortality [14].

Data from the United Kingdom’s transfusion auditing
system, Serious Hazards of Transfusion (SHOT), show that
the overall incidence of adverse transfusion reactions in
infants and children exceeds that of adult patients [15].
Eighty-two percent of the incidents reported to SHOT
involved errors in physician prescribing, laboratory or blood
bank procedures, and/or administration of the blood product.
These “clerical” (or mistransfusion) errors were more com-
mon in children, reflecting the more complex, specialized
transfusion needs of this population [15].

There are societal arguments for perioperative blood
conservation when one considers the potential cost savings
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[16, 17] and the fact that our increasingly elderly population
undergoes the majority of surgical procedures that require
blood administration. The current donor pool will shrink as
older individuals will not be able to donate blood as they
develop comorbidities and infirm health. The increase in
demand for blood combined with a declining supply line for
blood products is expected to result in a severe shortage of
blood products in the foreseeable future [18]. Since the
development of an effective, safe, hemoglobin-based oxy-
gen carrier (i.e. blood substitute) has been extremely slow,
there is little hope that one will be approved in the near
future. The weight of evidence argues that blood conserva-
tion and transfusion avoidance can benefit individuals as
well as the health care system and society as a whole. This
effort has important implications for patients at high risk for
perioperative transfusion and high blood loss surgical pro-
cedures performed on pediatric patients.

Surgical Procedures and Patient Variables:
Risk of Perioperative Transfusion

The Pediatric Perioperative Cardiac Arrest Registry [19] and
the Mayo Clinic [20] have reported that inadequate fluid and
blood administration as well as electrolyte derangements
secondary to massive transfusion account for a significant
proportion of perioperative cardiac arrests and deaths in chil-
dren. In order to formulate individual anesthetic plans, anes-
thesiologists attempt to identify high risk scenarios that
result from the proposed surgical procedure and/or the
patient’s risk factors for massive bleeding. A list of these
high-risk-of-bleeding procedures is presented in Table 7.1.
Numerous techniques have been developed to avoid or
reduce allogeneic blood transfusion (ABT) in procedures
such as cardiac surgery, craniofacial reconstruction, and pos-
terior spinal fusion.

When estimating the potential for intraoperative transfu-
sion, one must also consider patient risk factors. Congenital
coagulopathies may go undetected for years, only to be
uncovered by preoperative testing [21] while coagulation
defects associated with NSAID and anticoagulant therapy
are readily identified. Severe sepsis or shock of any etiology
are commonly associated with disseminated intravascular
coagulation (DIC) and should prompt the appropriate
preoperative laboratory investigation. A distinct form of
coagulopathy that is triggered by hypoperfusion and wors-
ened by hypothermia [22] occurs early in the course of severe
trauma and hemorrhagic shock. The rapid treatment of this
condition may not only improve postoperative outcomes but
reduce blood product utilization [23].

As an age group, newborn infants are at the highest risk
of receiving an ABT [24, 25]. Several factors account for
the increased incidence of transfusion. First, the newborn
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Table 7.1 Potential high blood loss procedures in pediatric patients

Head and neck
Craniotomy
Tumors
Vascular malformations
Extensive seizure focus/hemispherectomy
Cranial vault reconstruction/craniosynostosis
Orthognathic procedures
Chest
Cardiac with or without cardiopulmonary bypass
Thoracotomy
Abdomen
Liver transplantation
Hepatic resection
Splenectomy
Wilms tumor
Neuroblastoma
Orthopedic
Scoliosis/spinal deformity
Pelvic-femoral osteotomy
Vascular malformations
Trauma/burns

coagulation system is functionally intact but easily dis-
rupted by critical illness, which results in more blood loss
in surgery [26]. Second, in the resuscitation of acute blood
loss in the newborn, the combination of a relatively small
blood volume and marginal levels of some coagulation
factors quickly result in a dilutional coagulopathy which
can lead to further blood loss. Third, newborns tolerate
hypovolemic anemia very poorly due to an altered Frank-
Starling relationship, decreased compliance of the myo-
cardium, and the effects of fetal hemoglobin on oxygen
release to tissues.

Perioperative Blood Conservation Strategies

There are currently no consensus guidelines on the transfu-
sion of infants and children. A recent survey of U.S. and
Canadian children’s hospitals reported a wide variation in
their transfusion policies [27]. Even subspecialists in pediat-
ric anesthesiology practicing in the U.K. [28] and France
[29] cannot agree on blood conservation measures or trans-
fusion practice. For lack of available evidence, both the
American Society of Anesthesiologists [30] and a collabora-
tive statement from the Society of Thoracic Surgeons and the
Society of Cardiovascular Anesthesiologists [31], specifi-
cally excluded pediatric patients from their evidence-based
practice guidelines for transfusion. Thus, the inclusion of
some information obtained from studies in adults is unavoid-
able in the any discussion of perioperative blood conserva-
tion in children.
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Lowering Individual Transfusion Triggers

Lowering the hemoglobin (Hgb) level at which one trans-
fuses RBCs can have a dramatic effect on blood utilization
and ABT avoidance [32, 33]. However, lowering the transfu-
sion trigger was not widely accepted until Hebert and col-
leagues [34], in a multicenter randomized controlled trial
(RCT), demonstrated that nonbleeding, critically ill adults
tolerated lower Hgb levels without a negative effect on out-
come. A study in nonbleeding PICU patients using a similar
study design also found no harm in lowering transfusion trig-
gers [35]. Both studies found a substantial reduction in trans-
fusion rates in patients randomized to the more restrictive
(Hgb < 7 g/dL) transfusion regimen. Subgroup analyses of
the PICU-based study suggested that the lower transfusion
trigger regimen had no negative impact on outcomes in chil-
dren who had undergone cardiac [36] and general surgical
[37] procedures. Two similar liberal-versus-restrictive trans-
fusion threshold RCTs in premature infants have provided
conflicting results as to the benefit of one transfusion strategy
over the other [38, 39].

Institutional Transfusion Guidelines

While lower transfusion triggers should probably not be used
as the sole criterion for transfusion, they can be easily incor-
porated into institutional policies dedicated to avoiding ABT
[40, 41]. An institutional program can lower transfusion rates
for high blood loss procedures like spinal deformity repair in
children [21] and has been recommended for children under-
going craniofacial reconstruction [42]. Compliance sur-
veillance of existing transfusion guidelines in several large
neonatal intensive care units was associated with a dramatic
decrease in ABTs and blood bank costs without effecting
major neonatal outcomes [43]. Intraoperative blood con-
servation efforts are reinforced by institutional transfusion
guidelines that are similarly focused on reducing ABT.

Blood-Sparing Surgical Innovations: Minimally
Invasive Craniosynostosis Surgery

Traditional operative methods for cranial vault reconstruc-
tion (CVR) require extensive incisions of vascular-rich
structures and are associated with the loss of large amounts
of blood and the need for nearly universal transfusion [44].
A recent review of blood management for CVR using tradi-
tional surgical techniques reported a 100 % transfusion rate
with a mean volume of intraoperative transfused RBCs of
51 ml - kg~! [45]. In light of this information, one of the more
impressive achievements in the realm of blood conservation
in pediatric surgery has been the development of minimally
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invasive approaches to cranial vault reconstruction (CVR)
for the treatment of craniosynostosis [46]. Endoscopic strip
craniectomy (ESC) with postoperative helmet modeling [47]
and spring mediated cranioplasty (SMC) [48] are the most
widely accepted minimally invasive CVR techniques focus-
ing on ABT avoidance. An early description of ESC reported
significantly less bleeding and need for transfusion than tra-
ditional approaches [49]. This has been confirmed by two
independent groups of investigators [50, 51] who found that
between 6 and 8 % of ESC patients required ABT in the peri-
operative period. The vast majority did not require postop-
erative PICU admission and were discharged home on the
first postoperative day. Two retrospective studies published in
2003 compared SMC to traditional craniosynostosis surgery
and found significantly less blood loss and need for ABT in
the SMC group [52, 53]. One center’s subsequent experience
with 100 patients undergoing SMC noted that none of the
children needed either transfusion or PICU admission [54].
Both ESC and SMC appear to lower transfusion and PICU
admission rates, shorten length of stay, and reduce costs, mak-
ing these techniques attractive alternatives to traditional CVR
in patients diagnosed early in infancy with craniosynostosis.

Antifibrinolytic Agents

The ability of certain compounds to inhibit the fibrinolytic
system, thereby reducing blood loss during surgery has come
under considerable scrutiny in the past decade. The complex
human coagulation system is normally balanced between
clot formation and fibrinolysis. Extensive tissue injury asso-
ciated with surgery or trauma preferentially activates the
fibrinolytic pathway with the conversion of inactive plasmin-
ogen to plasmin which then cleaves fibrin, leading to clot
lysis and further bleeding and coagulopathy [55]. Three
inhibitors of fibrinolysis have been used clinically to reduce
blood loss and transfusion requirements in surgery: aprotinin
(APR), epsilon-Aminocaproic Acid (EACA) and tranexamic
acid (TXA). APR was removed from the market in 2008
based on mortality data from the BART study [56] which
compared it with EACA and TXA in high-risk cardiac sur-
gery patients. Because APR is no longer available and two
meta-analyses [57, 58] and a qualitative review [59] of stud-
ies in pediatric surgical patients have found these three drugs
to be equally efficacious in reducing surgical blood loss,
APR will not be specifically discussed. A similar compari-
son of adult studies revealed near equivalence of the three
agents in avoiding perioperative ABT [60].

Epsilon Aminocaproic Acid (EACA)

EACA, like TXA, blocks binding of plasminogen to fibrin,
thereby preventing the activation of plasmin. The clinical
use of EACA in both adults and children has largely been
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limited to cardiac and orthopedic procedures where patho-
logic fibrinolysis would be expected to result in bleeding.
There have been no RCTs of EACA in children published
since the meta-analyses of Tzortzopoulou [57] and Schouten
[58]. However, the sudden loss of availability of APR and
subsequent substitution of EACA and TXA has allowed
for several retrospective, comparative studies in infants and
children undergoing cardiac surgery at a single center in
Germany [61-64]. The results of these studies support the
notion that, in terms of their blood sparing effect, EACA
and TXA are perhaps slightly less efficacious than APR and
equivalent to each other.

Tranexamic Acid (TXA)

A multicenter RCT involving over 20,000 adult trauma
patients has recently increased interest in TXA as an antifi-
brinolytic agent and resuscitation adjunct [65]. When admin-
istered to patients who were at risk for, or actively, bleeding,
TXA reduced all-cause mortality as well as death from
bleeding, without effecting the rate of ABT. Two RCTs have
extended the use of TXA in children beyond cardiac and
major spinal surgery and into craniofacial reconstruction
[66, 67]. Despite some methodological differences, includ-
ing different dosing regimens, both studies found that, com-
pared with placebo, TXA reduced the need for ABT in these
high blood loss procedures.

In numerous reports on pediatric [57, 58] and adult
patients [60] [65] the safety profile of TXA has never been
questioned. However, two retrospective studies in children
comparing TXA to APR [61] and EACA [62] found an
increased incidence of seizures in the TXA groups, however,
this difference was not statistically significant. Larger retro-
spective studies in adults undergoing cardiac surgery have
been more definitive, showing a statistically significant
increase in the postoperative incidence seizures with TXA
compared with EACA [68, 69]. It is unknown why cardiac
surgery patients may have an increased risk of seizures when
given TXA but higher doses and concomitant use of Factor
VIla may play a role [69]. High doses of TXA (>100 mg -
kg™!) in children undergoing cardiac surgery should be used
cautiously pending the results of large scale RCTs designed
to answer this question.

Preoperative Autologous Donation

There are no randomized, controlled trials in children com-
paring preoperative autologous donation (PAD) alone with
standard management techniques during high blood loss pro-
cedures. Most reports have been retrospective case series or
cohort studies and many have combined PAD with other
blood conservation measures, making the evidence in favor
of PAD difficult to assess. The obvious advantage of PAD is
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avoidance of ABT and its attendant risks, including life-long
alloimmunization [70]. However, the list of problems associ-
ated with PAD in pediatric patients must be considered when
planning for autologous blood. These include the increased
cost of PAD and mandatory wastage of unused PAD units
(30-50 % of donated units), the logistics of repeated blood
collection (especially in younger children), and the unavoid-
able risks of bacterial contamination, wrong-unit-transfused
errors and effects of the storage lesion. To complicate mat-
ters further, three separate meta-analyses [71-73] have
shown that, although PAD reduces ABT, it increases the
overall incidence of transfusion (autologous and/or alloge-
neic) which increases patients’ exposure to these same risks
of transfusion and mistransfusion. These concerns, coupled
with the decreasing infectious risks of banked blood, have
led to a decrease in PAD use [74] and a call for more con-
vincing evidence of how and when it should be used [75, 76].
There is no disagreement among experts that the same crite-
ria for prescribing an allogeneic blood transfusion should be
applied to PAD blood.

Scoliosis surgery in healthy adolescents and cardiac sur-
gery have been studied most extensively in regard to the use
of PAD. These procedures are predictably associated with
large amounts of blood loss and can be planned for in
advance with several preoperative donation sessions [70, 77]
In case series in which PAD was the sole blood conservation
method, the avoidance of allogeneic transfusion was achieved
in 73-89 % of subjects undergoing scoliosis surgery [78—80].
PAD was the sole conservation measure used for younger
children undergoing cardiac surgery in several case series
from Japan which had ABT avoidance rates greater than
95 % [81-83]. Many of these young children required
repeated deep sedation or general anesthesia to facilitate
blood donations as reported in infants being prepared for cra-
niofacial reconstruction [84]. The increased cost in material
and human resources and the added risk of the multiple anes-
thetics required for PAD in younger children make this tech-
nique less desirable than other modalities.

Cell Salvage Techniques

Intraoperative cell salvage (ICS) involves the recycling of
shed RBCs by a collection, purification and concentration
process that allows for safe autotransfusion of the product
[85]. This technique, used in major non-cardiac and cardiac
surgery in adult patients, has been shown to be an effective
blood conservation method in numerous RCTs. A meta-
analysis of 75 studies in which ICS was the sole conservation
modality found an absolute reduction risk of ABT of 21 %
[86]. Such high quality studies are lacking in the pediatric
population and practitioners must rely on case series, uncon-
trolled trials or retrospective evidence to guide them.
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Early reports of ICS in children suggested that only larger
patients with larger shed blood volumes benefited from this
technique [87]. However, the advent of cell salvage devices
equipped with small volume collecting bowls allowed for
more rapid processing and transfusion of smaller volumes of
shed blood with avoidance of ABT in smaller patients [88].
Studies using pediatric bowls in infants and young children
undergoing craniosynostosis [89, 90], cardiac [91] and
orthopedic [92] procedures have reported significant reduc-
tions in ABT when ICS was compared with historic or non-
randomized controls.

The transfusion of unwashed shed blood in the postopera-
tive period in adult patients appears to have some efficacy in
ABT reduction but has been plagued by safety concerns due
to high levels of inflammatory mediators, fat particles, acti-
vated leukocytes and platelets, and other contaminants in the
product [93]. Others have questioned the utility of using shed
blood given the relatively small volumes that can be collected
(approximately the equivalent of one blood unit in adult
patients) and the product’s low hematocrit (usually around
30 %) [94]. Pediatric applications of this technique have
been developed [95, 96] but there is still a paucity of evi-
dence to recommend it at this time.

Deliberate Hypotension

The use of anesthetic and/or vasoactive agents to deliber-
ately induce hypotension and, thereby, reduce blood loss has
been an accepted methodology in anesthesia for many years.
Deliberate hypotension (DH) has been studied in adults
undergoing major orthopedic and orthognathic procedures
and found to be an effective method for ABT avoidance [97].
When DH is used as the sole blood conservation modality
for healthy individuals it has been shown to have minimal
impacts on vital organ perfusion and serious complications
are rare [98].

There is little high level evidence showing that DH as a sole
modality reduces ABT rates in pediatric patients but, based on
adult studies, DH is routinely used in adolescents undergoing
scoliosis surgery. A single-blind study in adolescent patients
undergoing orthognathic surgery reported less blood loss in
the DH group compared to controls, but the blood loss was so
small that no subject in either group required transfusion [99].
The only randomized, controlled trial of DH in infants reported
a significant reduction in blood loss in the hypotensive group
during craniosynostosis surgery [100]. DH is frequently used
with acute normovolemic hemodilution (ANH), PAD, ICS, or
a combination of these and other blood sparing techniques.
The combination of DH with extreme normovolemic anemia
has been reported in pediatric patients [101, 102]. However,
this approach should be undertaken with caution because it
may result in inadequate oxygen delivery to vital organs [103].
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Acute Normovolemic and Hypervolemic
Hemodilution

Acute Normovolemic Hemodilution (ANH) is performed
after the induction of anesthesia and prior to surgical incision
by removing blood from the patient and replacing it with
crystalloid and/or colloid solutions to lower the hematocrit
while maintaining normovolemia [104]. When surgical
bleeding commences, it occurs at a lower Hct and is replaced
with more crystalloid until the targeted nadir Hct is reached.
The harvested blood is kept in the operating room and
returned to the patient when either ongoing blood loss
requires transfusion or the blood loss has ceased. This tech-
nique preserves platelet and clotting factor functions and
eliminates bacterial contamination, clerical error and storage
lesion concerns associated with banked blood. The question
as to the efficacy of ANH in reducing ABT has been
addressed by investigators over the years with no clear
answer due to conflicting results, study heterogeneity, design
flaws, and lack of blinding [73, 105, 106]. Large, well
designed RCTs are needed to address these concerns and to
establish ANH’s role in perioperative blood management.

Healthy children and adolescents have excellent physio-
logic reserve and tolerate even extreme ANH quite well.
Studies targeting nadir hematocrits as low as 9 % in adoles-
cents [107] and 17 % in children 1-8 years old [108] found
that delivery-dependent oxygen consumption was not
reached before the subjects’ blood was re-infused. ANH has
been successfully used as the sole blood sparing modality in
children undergoing bone marrow harvest [109], craniosyn-
ostosis [108, 110] and scoliosis surgery [111, 112] but there
have been no RCTs in pediatric patients.

It should be remembered that young infants may not tol-
erate ANH. In response to ANH an increase in cardiac output
occurs that is due, in part, to an increase in stroke volume.
Additionally, the oxygen extraction ratio increases and oxy-
gen consumption is maintained [113]. Infants less than
4-6 months of age cannot increase stroke volume to the
extent that older individuals can. This same age group has
varying amounts of Hgb F still in circulation which does not
release oxygen to tissues as well as Hbg A. Thus, they may
not be able to increase oxygen extraction to help compensate
for ANH reductions in oxygen delivery. Another group of
pediatric patients that does not appear to tolerate hemodilu-
tion are infants and children having open heart surgery.
Regional cerebral oxygenation was shown to be significantly
decreased in hemodiluted (intraoperative Het fo 16 %) chil-
dren during cardiac surgery [114]. In a RCT of infants under-
going cardiac surgery, moderate hemodilution (intraoperative
Hct of 21.5 %) was associated with poorer performance on
tests of psychomotor development at 1 year of age. Long
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term follow up of these children is needed to determine
whether these developmental delays are persistent.

Hypervolemic Hemodilution (HH) offers a simpler alter-
native to ANH for anticipated blood losses of less than
40 % of the patient’s blood volume [115]. HH involves the
preoperative infusion of colloid equivalent to approximately
20 % of the patient’s blood volume followed by mainte-
nance of this hypervolemic state with crystalloid through-
out surgery. When HH was compared with ANH in two
RCTs in adults having moderate blood loss procedures, the
two were found comparable with regard to ABT avoidance
[116, 117]. The only RCT in children comparing HH to
standard practice found that HH did not eliminate ABT but
did significantly reduce the volume of transfused RBCs
[118]. This technique will likely be utilized more in pediat-
ric patients in the future.

Preoperative Erythropoietin Administration

The preoperative use of human recombinant erythropoietin
(EPO) to increase red blood cell mass as part of a blood con-
servation program began shortly after its release in 1988
[119]. In subsequent years EPO’s role in perioperative blood
management became more well defined but cost concerns
limited it’s use for this purpose in the U.S. [120]. Early
reports in pediatric patients demonstrated the blood sparing
potential of EPO in neurosurgical [121], craniofacial [122],
and spinal surgery [123] cases. A randomized, controlled
trial of preoperative EPO administration for cranial vault
remodeling demonstrated a reduction in the ABT rate in chil-
dren given EPO (57 %) compared with controls (93 %).
However, this study and others cited above indicate that EPO
therapy alone cannot eliminate the need for transfusion in all
children and should be used selectively or in combination
with other blood sparing modalities.

Following adult studies which demonstrated efficacy,
EPO was added to a number of pediatric PAD regimens in
order to facilitate autologous donation prior to cardiac [124,
125], scoliosis [126], and craniofacial [124] surgery. EPO
improved compliance rates for donation and left patients
with a higher Hct on the day of surgery, compared to patients
who underwent PAD alone, which contributed to reduced
perioperative ABT [125, 126]. For infants having craniofa-
cial reconstruction, preoperative EPO therapy plus intraop-
erative cell salvage resulted in significant ABT avoidance
compared to controls who received standard perioperative
blood management [127]. EPO has also been used to increase
preoperative red cell mass and improve the efficacy of ANH
[128, 129] in craniofacial reconstructive surgery. These stud-
ies support the use of EPO as an adjunct to other blood
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conservation measures and points the way to a multimodal
approach to perioperative blood management.

Multimodal Blood Conservation

The combined use of several blood conservation techniques
to completely eliminate ABT in patients of the Jehovah’s
Witness faith have demonstrated the feasibility and effec-
tiveness of “bloodless surgery” in patients of all ages [130—
134]. Lisander and colleagues [135] have demonstrated that
a multimodal approach was more efficacious than using a
single modality which did no better than the control group in
avoiding ABT. A multimodal approach usually incorporates
a conservative (low) transfusion trigger and the use of a hos-
pital or specialty-wide transfusion algorithm along with
some form of autologous blood collection (PAD, ANH,
ICS), DH when appropriate, and, possibly, EPO therapy.
A policy of conservative postoperative blood sampling may
also reduce phlebotomy blood loss which can result in the
development of anemia and the need for ABT [136]. Blood
conservation modalities can be combined in a variety of
ways but one caveat of the intraoperative management is
that oxygen delivery should not be reduced below that
needed to maintain delivery-independent oxygen consump-
tion (critical oxygen delivery). Inadequate oxygen delivery
is possible when DH and ANH are combined to excess
(blood pressure to low, Hgb too low) or used in the wrong
patient.

Many institutional blood conservation programs have
adopted multimodal protocols that can be safely applied to
the individual patient to achieve significant reductions in
ABT [21, 84, 137-141]. Perioperative blood conservation
requires that physicians, nurses, blood bank and laboratory
personnel adhere to the care plan over the duration of the
patient’s hospitalization. Some of the long term benefits that
accrue from reducing ABTs are slowly becoming appar-
ent. Currently, these are overshadowed by the many known
transfusion-related complications that can be avoided with an
effective blood conservation program for pediatric patients.
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