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Foreword 

The anaesthesia and intensive care of neonates and children have assumed posi
tions of primary importance in contemporary medicine. In these delicate fields 
of medicine, clinical research activities must be continually supported by inter
disciplinary cooperations. Neonatal and pediatric intensive care requires that all 
involved physicians, including the surgeon and anesthesiologist, be willing to 
work together as a team. However, coordination of the various pathophysiolog
ical and clinical aspects of neonatal and pediatric critical medicine is highly 
complex. A complete and current review of anesthesia and intensive care of in
fants and children must include discussions of morbidity rates, so as to guide the 
clinician in choosing the diagnostic approach, as well as of monitoring tech
niques appropriate to support the therapeutic decision. 

Much experience has been amassed regarding the management of critical 
clinical situations in the neonate requiring intensive care interventions. The use 
of surgery is particularly delicate: optimization of the perioperative periode has 
become the "gold standard" for efficient and success full management of critical
ly ill neonates. Thus, preoperative evaluation, airway control, choice of fluid 
therapy and anesthesia protocols, and a thorough understanding of the various 
anesthesia routes represent fundamental issue for all members of the medical 
team involved in the care of such patients. 

Local-regional anaesthesia is being increasingly and successfully used in this 
field of medicine, even though it had been previously contraindicated. Now that 
neonatal and pediatric surgery has overcome the limitations it faced in the 1960s 
and 1970s, anaesthesia has assumed an increasingly important role in the peri
operative period for both general and specialty surgery. Heart surgery and organ 
transplantation represent two categories of intervention which depend upon 
team strategy and advanced technology. 

Developments in methods of sedation and in the treatment of post -operative 
pain, together with new contributions from biotechnology and pharmacology, 
now permit sophisticated surgical interventions on both fetus and neonate. Of 
particular significance in this regard has been the development of the so-called 
"fetal anaesthesia". 

Continuing education in these fields of medicine should include: a review of 
classic arguments such as respiratory distress syndrome and the techniques of 
respiratory support, including that of high frequency ventilation; the discussion 
of careful monitoring for sepsis and the application of all measures for the pre-
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vention and treatment of eventual systemic infections; the overview of experi
mental therapies such as liquid ventilation, and the use of surfactants or modi
fied respiratory gases containing nitric oxide for the treatment of refractory hy
poxemia; and the consideration of experimental medical support techniques 
such as hemopurification (i.e. CAVH and plasmapheresis) to eliminate toxins 
and reactive metabolites from the blood stream. This last application, although 
a fascinating area of research, is limited in that it is unable to offer any cure. The 
successfull employment of such technology requires a deeper understanding of 
the pathophysiological factors involved, a directed medical therapy, and often
times an aggressive surgical intervention. 

Recent progress in intensive care medicine for infants and children has been 
significant. Members of the medical team caring for critically ill pediatric pa
tients must remain up-to-date in both the pathophysiological and clinical as
pects of the ailing and healing processes. 

November 1998 Antonino Gullo, MD 
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PERIOPERATIVE MANAGEMENT 



Chapter 1 

Preoperative evaluation 

v. CARPINO, F. BORROMETI, A. NATALE, V. PELUSO 

Preoperative anaesthesiologic evaluation is generally considered an important 
phase of anaesthesiologic management and strictly related to anaesthesiologic 
procedure and postoperative care [1]. For this reason, the anaesthesiologist can 
be defined the "perioperative doctor". Today, progress in diagnostic tests and 
improved patient monitoring may sometimes result in less emphasis on preop
erative evaluation, being considered less important than the actual anaesthesio
logic activity. 

Thanks to a correct and complete preoperative assessment, a young pa
tient's conditions can be precisely evaluated and the optimal preoperative and 
anaesthesia management chosen [2,3]; underestimating the preoperative eval
uation can potentially increase the risk of unexpected and dangerous compli
cations. 

Only after this preliminary visit, will the anaesthesiologist decide whether ad
ditionallaboratory tests are required and if there is a need to consult other spe
cialists. 

It is important to bear in mind that the anaesthesiologic evaluation is the 
first occasion to meet the little patient and his parents and this instance provides 
the opportunity to prepare them adequately for the hospitalization experience. 
Very often, they have not received an adequate explanation of the procedure, and 
gaining their confidence can be considered the first step to patient cure. Parents 
might have more fears about anaesthesia than surgery. Parents and child experi
ence a psychological interaction, i.e., when a situation is reassuring for the child, 
it will be the same for his parents and vice versa [4]. 

The child (if old enough) should be involved in the examination, in order to 
gain his confidence. While speaking to him, the anaesthesiologist should adapt 
words and gestures and avoid threatening attitudes. He will have to describe to 
operating room environment to the patient, and the possible discomfort (blow
ing air into a mask or bearing a venepuncture): in such cases, a lie may be useful 
in the short term but might cause long-term mistrust. 

At the end of the assessment, parents should be informed about the type of 
anaesthesia and the monitoring and the estimated anaesthesiologic risk the pa
tient will have to face. Parents should feel free to ask questions. Their written in
formed consent is then requested. Parents should also be informed of the possi
bility to assist their child during induction, at institutions that allow it, and 
counseled on required behavior. 
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A psychological evaluation of the child will help to determine whether pre
anaesthesia is required and, in such a case, which drug, dosage, and route of ad
ministration should be used. 

History 

In most cases the patient is not able to tell his own history and generally his par
ents do that for him. If a child is old enough, his collaboration can be elicited. 
The anaesthesiologist must very carefully gather the information provided in the 
history. Frequently, he must elicit exhaustive answers from the parents. They of
ten fail to declare some pathologies because they may not be perceived as such 
(for example, to have thalassemia minor Mediterranean anemia is usually con
sidered as an "inherited trait" instead of a real pathology) or because they are 
uncomfortable or unwilling to acknowledge them (AIDS, mental retardation). 

During the interview there are some common questions to be asked of all pa
tients, while other questions vary according to the individual and the surgery 
planned. A preoperative form, usually included in the anaesthesiologic chart, 
may be used as a guideline for interviewing the child's parents so that the ques
tions can follow a precise logical order and no information is disregarded. 

In gathering the family history details, the anaesthesiologist must seek for 
anaesthetic-related complications or accidents, serious allergic reactions, or 
hereditary pathologies relevant from an anaesthesiologic point of view. 

The past medical history must be scrupulously collected: it is important to 
record any previous hospitalization or surgery and related data accurately exam
ined; in the anaesthesiological records, it is necessary to seek for information re
lated to difficulties encountered (such as airway anomalies, intubation difficul
ties, adverse reaction). The paediatrician caring for the child may give an impor
tant contribution, especially in the setting of elective procedures largely prepared 
on an outpatient basis, by preoperative medical evaluations, and by introducing 
the child to anaesthesia and postoperative events. Consulting him or reading his 
report on the patient's clinical status could be useful, in particular, to understand 
the severity of pre-existing pathologies (asthma, hemoglobinopathies) or for the 
definition of complex pathologies that parents are unable to explain [5-7]. Par
ticularly in the outpatient setting, an appropriate evaluation by the paediatrician 
may help avoid last-minute delays or cancellation of scheduled surgery [8]. 

For paediatric patients, the medical history begins during the mother's preg
nancy: problems during gestation and birth can be relevant especially in the 
neonatal period. For this reason, the anaesthesiologist needs to verify whether 
the child is born at term 38-42 weeks), if the pregnancy was uncomplicated, if 
there were any perinatal complications, and if it was necessary to admit the ba
by to a neonatal ICU. Then, the anaesthesiologist needs to know the birth weight 
and whether it is appropriate for the gestational age, so that he may anticipate 
problems that could occur during and after anaesthesia. 

It is necessary to obtain a detailed history of allergies caused by environmen-
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tal allergens or by drugs. The anaesthesiologist has to obtain specific informa
tion regarding any possible allergy to latex in a high-risk patients; actually, in re
cent years, many studies have proven there to be an increase in the incidence of 
severe allergic reactions to latex and that most of the children who have had in
traoperative reactions to latex-containing devices have meningomyelocele, ex
trophy of the bladder, or other urinary tract anomalies or frequent latex expo
sure. Parents of the children who are at risk are asked to remember children's re
actions after touching latex-containing objects (adhesive bandages, catheter) or 
toys (balloons, bath-mats) [9-11]. 

Also, the anaesthesiologist must collect information about the kind of drugs 
that the patient is taking and consider their possible interaction with anaesthe
sia (bronchodilators) or with surgery (anticoagulants, anti-inflammatories). 

Additional questions will be asked to obtain information about the history of 
any recent upper respiratory infection (see below) and to collect details suggest
ing a clotting disorder (hematomas, frequent and prolonged epistaxis, unusual 
bleeding after minor trauma). 

For emergency surgery patients and for outpatients, it is necessary to record the 
time of last oral intake, bearing in mind that the pre-operative fasting (usually 6-
8 h) may be shorter for newborns and children up to 6 months of age and that 
clear fluids are allowed until 2-3 h before anaesthesia [12, 13]; on the other hand, 
some intestinal pathologies or trauma can decrease gastrointestinal motility. 

Physical examination 

A child's examination should be different from that of an adult. The environ
ment should be "reassuring" and there should not be any frightening objects or 
instruments. During the visit, the availability of little toys could be useful to en
tertain the child and get his collaboration. 

Initially, the child may be observed without separating him from his parents: 
the signs of a regular respiratory activity, the presence of nasal congestion, nu
tritional status, and of a normal, age-related growth and behavior may be ap
preciated without involving the little patient. 

At first, the anaesthesiologist can examine the child while in his parent's arms 
and, next, on a cot, avoiding, if possible, the recumbent position, because, in this 
position, the child feels threatened. The visit should follow a series of criteria to 
avoid stress to the child, beginning with the use of gestures which children are 
familiar with (cardiac and pulmonary auscultation) and leaving at the end the 
most unpleasant (oral inspection with tongue depressor) or painful procedures. 

Special attention should be paid to the inspection of the oral cavity, high
lighting the deciduous dentition status and the presence of orthodontic braces, 
recording whether they are fixed or mobile. If a very loose tooth were acciden
tally removed during anaesthesia, this event should be recorded in the chart and 
the tooth attached to it. Moreover, the anaesthesiologist should record addition
al conditions which may interfere with intubation (limitations in mouth open-
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ing, tonsillar hypertrophy, trachea deviations, cleft lip, micrognathia), beraring 
in mind that a congenital malformation is often associated with other abnor
malities which might be less evident. 

In the younger patients, the state of hydration (moistness of mucous mem
branes, unelastic skin, sunken anterior fontanel) must be checked very carefully, 
especially when patients have been fasting for many hours or when they have 
significant vomit and diarrhea. 

It is useful to remember that babies and children dissipate heat quickly and, 
for this reason, they should stay undressed for as short as possible; moreover, it 
is important to consider children's sense of modesty and to let them undressed 
only for the strictly necessary time. The place where the examination is con
ducted should be respectful of the patient's privacy. If an operation has a gener
ic definition (for example, removal of a foreign body or of a cutaneous lesion), 
it is advisable to perform a quick but careful examination of the lesion to be 
treated: its characteristics and its size and location may significantly affect the 
anaesthesiologic procedure (the length of the operation, possible blood loss, pa
tient decubitus, etc.). 

In particular cases, the examination will be addressed to specific apparatuses 
or organs according to the results emerging from medical history, evaluating 
possible anaesthetic implications (Table 1). 

Table 1. Medical history and review of systems: anaesthetic implications. (Modified from [14]) 

System History Possible anaesthetic implication 

Central nervous and • Seizures Medications: drug interactions, possible in
adequate serum levels, valproate-induced 
hepatitis 

neuromuscular 
systems 

Cardiovascular 
system 

• Head trauma 

• Hydrocephalus 

·CNStumor 

• Developmental delay 

• Neuromuscular disease 

• Muscle disease 

• Muscular dystrophy 

• Heart munnur 

Elevated intracranial pressure; anemia 

Possible elevated intracranial pressure 

Possible elevated intracranial 
pressure; chemotherapeutic drugs 
and interactions 

Bulbar dysfunction and risk of aspiration 

Altered response to relaxants 

Risk of malignant hyperthennia; 
hyperkalemia after succinylcholine 

Possible risk of malignant hyperthermia 

Septal defect; avoid i.v. air bubbles; 
hemoconcentration; endocarditis 
prophylaxis 

• Cyanosis Right-to-Ieft cardiac shunt: i.v. air bubbles; 
hemoconcentration; endocarditis 
prophylaxis 

• History of Squatting Possible tetralogy of Fallot 

• Diaphoresis with feedings Congestive heart failure 

(cont.) 
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Table 1. (cont.) 

• Hypertension Possible coarctation of the aorta; renal 
disease; pheochromocytoma 

• Transplant recipient Fixed heart rate; insensitivity to 
anticholinergic drugs 

Respiratory system • Prematurity Increased risk of postoperative apnea; 
possible lower respiratory tract illness 

• Bronchopulmonary Lower airway obstruction; reactive airways; 
dysplasia possible subglottic stenosis; possible 

postoperative hypoxia and apnea; pulmonary 
hypertension 

• Lower respiratory Reactive airways; bronchospasm 
infection, cough medication history; drug interactions 

• Croup Possible subglottic stenosis/anomaly 

• Snoring, sleep apnea Perioperative airway obstruction; hypoxia 
• Asthma ~-agonist or theophylline drugs; 

pulmonary hypertension or cor pulmonale; 
steroid use: adrenal insufficiency, 
postoperative hypoxia 

• Cystic fibrosis Drug interactions; pulmonary toilet; 
pulmonary dysfunction; reactive airways 

• Recent cold Possible lower respiratory tract infection; 
reactive airways 

Gastrointestinal! • Vomiting, diarrhea Electrolyte abnormality; dehydration; 
hepatic system full stomach 

• Growth failure Possible anemia 
• Gastroesophageal reflux Risk of aspiration; reactive airways; hypoxia 

• Jaundice Altered drug metabolism; risk of 
hypoglycemia 

• Frequency, nocturia Unrecognized diabetes; urinary 
tract infection 

• Renal failure/dialysis Electrolyte abnormality; hyper- or 
hypovolemia; anemia; medication history 

Endocrine/ • Hypoglycemia Hypoglycemia 

metabolic system • Diabetes Insulin requirement; intraoperative 
hypoglycemia 

• Steroid therapy Adrenal insufficiency 

Haematologic system • Anemia Transfusion requirements 

• Bruising, excessive Coaguiopathy 
bleeding 

• Sickle cell disease Anemia; transfusion; hydration; oxygenation; 
orthopedic tourniquet use 

• AIDS Susceptibility to infection; infectious risk 
to medical personnel 

Allergies • Medication history Drug reactions; drug interactions 

Dental • Loose teeth Dental trauma; aspiration of tooth 
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Laboratory data 

Laboratory procedures should be performed based on clinical examination and 
patient history [15]. The uselessness of routine preoperative examinations has 
been highlighted by many international studies [16-19]. Though in our country 
there is a trend in medical practice to omit routine blood tests in healthy chil
dren scheduled for minor surgery [20, 21], some paediatric anaesthesiologists 
remain rather "conservative", feeling that a larger number of examinations is 
necessary and might provide better medicolegal protection. 

It is important to remember that routine laboratory testing exposes the child 
to painful procedures to detect clinically irrelevant abnormalities that do not 
modify the anaesthesiologic procedure. The clinically relevant elements can usu
ally be determined by a careful assessment based on the patient's history and 
physical examination. 

It is desirable that in the near future "consensus conferences" convene which 
might reduce the distance between the two positions to standardize paediatric 
anaesthesiologist practice. 

Routine chest X-rays are not always necessary either, but may be useful when 
a serious pulmonary illness is suspected [22]. 

Special problems 

Upper respiratory tract infection 

The anaesthesiologist must often evaluate patients affected by an upper respira
tory tract infection (URI). Numerous studies report a higher incidence oflaryn
gismus, bronchospasm, and intra- or post-operative hypoxia among these pa
tients [23-25] and, for this reason, elective surgery should be postponed for 2-4 
weeks for patients with URI. 

A different decision could be taken in patients constantly suffering from URI 
for otolaryngologic surgery (adenotonsillectomia, myringotomy) [26] and, gen
erally for patients whose pathologic condition is a cause or aggravation of a URI 
(cleft palate). In some cases scheduled surgery cannot be postponed for long 
and, consulting the surgeon, the anaesthesiologist will decide the best time
frame. 

Whatever decision is made, it should be discussed with the child's parents, 
who should be informed of potential risks and benefits. 

Asthma 

Elective surgery must be postponed when asthmatic patients present with even 
slight wheezing upon auscultation or if they had an acute asthmatic crisis during 
the last 4 weeks. 

The asthmatic patient must be accurately examined and in most serious cas-
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es baseline EeG, chest X-rays and blood gas analysis should be obtained; nor
mally, medication should be maintained up to the morning of the surgery and 
the theophylline blood level should be monitored (10-20 Ilg/ml provides the 
optimal therapeutic effect). Supplemental steroid therapy and/or nebulized ~
adrenergic agents before induction can be used to reduce the risk of bron
chospasm. For anaesthesia drugs with a strong bronchodilator effect such as 
halotane (interaction with theophylline and ~-stimulants!) should be prefered 
and those with more histamine-releasing effects avoided. 

Heart murmur 

During the medical examination the paediatric anaesthesiologist frequently 
finds that the patient is affected by a heart murmur not noticed before. Some 
general rules can be used to examine such a patients. If the patient is complete
ly asymptomatic and the heart murmur is soft, systolic, and variable, this will 
probably not cause haemodynamic effects and will not interfere significantly 
with anaesthesia. Loud, constant, transmitted diastolic heart murmurs are like
ly due to relevant heart defects [27]. In such cases, the cardiologist must be con
sulted and, possibly an echo cardiogram performed. Appropriate antibiotic ther
apy must be prescribed for prophylaxis of subacute bacterial endocarditis in pa
tients with ascertained defects [28]. 

Preterm infant 

Former preterm infants are patients at risk of apnea in the first 12-24 h after 
general anaesthesia. The main risk factor is their postconceptual age: apnea oc
curs in about 10% of infants younger than 60 weeks of postconceptual age and 
this percentage rises to about in 25% of cases for infants younger than 44 weeks 
[29]. Additional risk factors are prior history of apnea at home, respiratory dis
tress, intubation and mechanical ventilation, or anemia [30]. The use of region
al anaesthesia techniques may reduce the incidence of postoperative apnea [31]. 
Apnea monitoring is absolutely necessary during the first postoperative 24 h for 
any infant considered at risk. 

Seizures 

The patient suffering from a seizure disorder will be appropriately assessed, 
recording the type of seizures, their frequency, the kind of anticonvulsant drugs 
that the child is taking and checking their possible interaction with anaesthetic 
drugs. Elective surgery is postponed in children whose seizure disorders are not 
under adequate pharmaceutical control. In contrast, it is necessary to bear in 
mind that patients with well-controlled epilepsy may present breakthrough 
seizures caused by hospitalization stress, protracted fasting, or surgical trauma. 
In the most complex cases, serum concentration of anticonvulsant drugs should 
be measured to assure therapeutic level. The scheduled medication should be 
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taken up to the morning of surgery, although because of the long plasma half
life of anticonvulsants allows a dose can be missed without significant conse
quences. If there will be a prolonged postoperative fasting, an appropriate i.v. or 
i.m. therapy should be instituted (scheduled). 
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Chapter 2 

Clinical approach, monitoring and 
decision making in paediatric intensive care 

P. BAINES, C. MOORES 

Clinical approach 

Organisation 

Critically ill children are best cared for in specialised paediatric intensive care 
units, not, as is sometimes practised, on general paediatric wards, or on adult in
tensive care units. Though it seems reasonable to accept that the care of critical
ly ill children by specialised medical, nursing and technical staff with more reg
ular experience of the care of critically ill children will improve the quality of 
care, this is not accepted by all. 

Research from other areas of medicine shows clear benefits from concentrat
ing the management of less common disease in particular centres [1]. This is 
supported by work specifically on paediatric intensive care. Pollack et al. [2], in 
a study in the USA, found that although the mortality rate in tertiary centres was 
higher than in nontertiary centres; once allowance was made for disease severi
ty (PRISM) [3], there was an eightfold higher risk of dying when more severely 
ill patients were cared for in nontertiary than in tertiary centres. Gemke et al. [4] 
studied paediatric intensive care admissions in the Netherlands, finding an odds 
ratio of 2.5 for mortality in nontertiary centres. Shann et al. [5] compared the 
mortality of children in Victoria, Australia, a region with centralised paediatric 
intensive care, with a region in the UK where PICU was more fragmented. Ad
justing for severity of illness using the PIM [6] score, they found an odds ratio 
for risk of death of 2.1 in the UK compared with Victoria. Regionalisation of in
tensive care allows ready access to support from other paediatric specialities 
(cardiology, nephrology and surgical, amongst others), which is important in 
the management of critically ill children. 

Which of these factors is more important in improving the care of critically ill 
children is uncertain. Pollack's group has attempted to tease out some factors, 
finding that the presence of an intensivist reduced the odds ratio for dying to 
0.65 in the USA [7]. 

Accepting a clear case for centralisation of critical care facilities for children 
presents further requirements. Clinicians in the non tertiary hospitals must 
maintain adequate skills to resuscitate and stabilise children prior to transfer to 
the tertiary paediatric centre, even though their paediatric clinical caseload may 
decline as paediatric services are centralised. Transport services to ensure the 



14 P. Baines, C. Moores 

timely and safe transfer of critically ill children need to be developed or for
malised and funded. The relationship of the tertiary paediatric centre to other 
tertiary centres, such as cardiac or neurological, will need to be clarified. 

A dedicated paediatric transport service would seem to improve the quality of 
care during transport. Although the issue has not been subjected to a ran
domised trial, all the published case series suggest fewer problems when children 
are transferred by dedicated teams (Table 1). 

A developing concept is the idea that a critical care transport team transports 
the intensive care to the child rather than transferring the child to the intensive 
care. These approaches are contrasted as "scoop and run" contrasted with "stay 
and play': Stabilisation prior to transport is vital, and transfer should be delayed 
until the child is stabilised. Transfer is then safer. 

Recommendations for the composition and requirements for retrieval teams 
have been made for the UK [13). 

Table 1. Quality of care during transport 

Specialised team Nonspecialised team Reference 

117 children: 21% physiological Kanter 1989, USA [8] 
deterioration or equipment 

25 errors in 96 children 

49 children: equipment 
errors, 2%; physiological 
deterioration, 12% 
51 transfers: 2 had preventable 
deterioration 

failure in 21 % 
64 errors in 34 transfers 
56 children: 75% incidence of 
complications 
92 children: equipment errors, 
20%; physiological 
deterioration, 11 % 

Resuscitation and stabilisation 

McNab 1991, Canada [9] 
Barry 1994, UK [10] 

Edge 1994, USA [11] 

Britto 1995, UK [12] 

Resuscitation of children is important prior to any attempts at definitive man
agement. 

This is best guided by a structured approach, prioritising the steps to be per
formed sequentially, which is described as the ABC approach to resuscitation. 
The approach ensures basic cardiorespiratory stability prior to concentrating on 
management appropriate to the specific diagnosis in that child. Courses (APLS 
in the UK and the PALS course in the USA, which has extended to other coun
tries) have been developed to familiarise doctors who rarely encounter critically 
ill children with practical aspects of paediatric resuscitation and stabilisation. 
These courses combine both theoretical lectures and the tuition of specific skills 
such as airway management and tracheal intubation. Obviously, practical skills 
are vital in the resuscitation of critically ill children, and there is concern that re
tention of skills taught on these short courses may be suboptimal [14). 
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There are some important differences in the resuscitation of children and 
adults [15]; most importantly, although adults commonly collapse from a car
diac cause, this is less common in children, collapse more commonly being a 
consequence of airway or respiratory disease. 

The normal values for heart rate and blood pressure are different in children 
of different ages and need to be considered as appropriate targets for resuscita
tion [16]. 

Blood glucose should be determined early in resuscitation as critically ill chil
dren are prone to hypo glycaemia. 

Before concentrating on the more advanced areas of paediatric critical care 
practice it is vital to ensure the basic aspects of clinical care are correct. These in
clude areas such as temperature homeostasis and adequate but not overwhelm
ing fluid resusucitation. 

Endotracheal tube misplacement following poor taping technique, endotra
cheal tube obstruction following poor endotracheal tube toilet, and poor hu
midification potentially cause major morbidity, from easily avoidable causes. 
Good basic clinical care by both medical and nursing staff is a prerequisite of 
good critical care medicine. 

Specific conditions 

Diaphragmatic hernia 

Classically the neonate with a congenital diaphragmatic hernia (CDH) was 
recognised by the combination of scaphoid abdomen, respiratory distress, and 
absent breath sounds over one hemi-thorax, more usually the left side. The char
acteristic chest radiographic findings of bowel in the chest are usually recognised 
after intubation. Fifteen to twenty percent of hernias will occur on the right, 
these having a worse prognosis. A nasogastric tube should be placed to drain the 
bowel. Feeds should be avoided to prevent bowel distension and further com
pression of the lung. Increasingly, these hernias are diagnosed antenatally, with 
delivery close to the surgical unit a consideration. 

These children will usually be promptly transferred to a paediatric surgical 
unit, though it must be recognised that stabilisation prior to safe transfer is more 
important than speed. Some children only have minimal respiratory distress, 
and indeed some are not diagnosed until some years later. 

Outcome is related best to development of the lung. The lung on the side of 
the diaphragmatic hernia is obviously underdeveloped. The lung on the con
tralateral side is also underdeveloped. As well as being small, the lungs are also 
abnormal, with changes in the pulmonary vasculature. The heart is abnormal, 
with poor development of the left ventricle. Several theories to explain this have 
been proposed, though it may reflect the reduced blood flow through the lung 
during fetal life. Other abnormalities may be present in children with CDH, 
some of these being associated with certain syndromes. 
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Initially therapy involved emergency surgical correction of the hernia as soon 
as the diagnosis was made, in the belief that the lung was collapsed by the hernia. 
As it is now appreciated that what determines outcome is pulmonary hypopla
sia, and that operation usually worsens respiratory function [17J, there is a trend 
to later correction. Operation is delayed until the child is stable [18 J. 

The initial approach was one of aggressive ventilation maintaining a low 
PaC02, high pH, and good oxygenation (based on values which defined sur
vivors). Alkalosis served to reduce the pulmonary arterial pressures. Operation 
was contemplated once ductal shunting resolved. Since the determinant of out
come is lung growth, and as aggressive ventilation promotes lung fibrosis by 
damaging the lungs, a more relaxed approach is now taken. Hypercapnia is tol
erated, providing preductal oxygenation saturation is maintained. Through 
most of these changes overall mortality remained relatively constant [19 J. 

Novel techniques have been used in the management of children with CDH. 
The success of high frequency oscillation (HFOV) in other forms of neonatal 
respiratory failure led to its use in CDH, where the ability to ventilate with less 
ventilator-induced lung injury whilst stabilising the child is appealing. As always 
with the use of HFOV, if there is no improvement within the first few hours, a 
significant improvement is unlikely [20J. 

Inhaled nitric oxide (iNO) has been used in infants with CDH, though there 
are no formal trials of this therapy. In cases reports iNO has improved oxygena
tion, though the response seems unreliable. 

Extracorporeal membrane oxygenation (ECMO) is used as rescue therapy for 
other forms of neonatal respiratory distress [21] and has been applied to chil
dren with diaphragmatic hernias. The use of ECMO in children with CDH is 
controversial. If outcome is determined by the degree of pulmonary hypoplasia, 
there may not be adequate time for lung growth during an acceptably short 
course of ECM O. However, if pulmonary hypertension is the principle concern, 
ECMO may be appropriate. Children with diaphragmatic hernia tend to be on 
longer ECMO runs than those with other causes of respiratory failure. A com
parison of two centres, one of which routinely uses ECMO, the other of which 
rarely uses ECMO, has been reported [19J with no difference in mortality. Data 
from the UK ECMO trial showed that of 18 children with CDH who achieved 
the entry criteria, four survived following treatment with ECMO (compared 
with no survivors of 17 children allocated to conventional mangement). How
ever, at 1 year only one of the four survivors was normal [22]. 

All the usual steps to maintain physiological stability, attention to thermoreg
ulation, maintenance of normal blood glucose levels, and ensuring an appropri
ate fluid balance, amongst other features, are important in the management of 
infants with CDH. 

Cardiac disease 

In babies who collapse at birth or shortly there after the question of the presence 
of cardiac disease may be raised. It is difficult to refute a diagnosis of cardiac dis-
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ease outwith a cardiac centre, as exclusion of cardiac disease is more difficult 
than confirming a cardiac diagnosis. Some conditions, particularly total anom
alous pulmonary venous drainage, are very difficult to exclude. 

The important steps remain the initial resuscitation of the child, again ensur
ing cardiorespiratory stability. Intubation may be required, along with adequate 
venous access and maintenance of a normal blood sugar. 

Exclusion of noncardiac disease is important. Neonatal pulmonary vascula
ture is well developed, and respiratory disease producing pulmonary hyperten
sion may cause de saturation following shunting through the patent foramen 
ovale. 

If there is concern regarding cardiac disease following immediate resuscita
tion, it is important to obtain a chest radiograph and electrocardiograph (ECG). 
The chest radiograph may demonstrate lung disease of sufficient severity to ac
count for the desaturation or may show features suggestive of cardiac disease 
(including a large cardiac shadow, or abnormal cardiac silhouette or abnormal 
pulmonary vascularity). The normal neonatal ECG differs from the normal 
ECG of older children, being of faster rate and having relative right ventricular 
dominance. Again, specific cardiac conditions are associated with specific fea
tures on the ECG [23]. 

Children who collapse shortly after birth as a result of cardiac disease usually 
have predominantly either cyanosis or heart failure, though once severely ill, the 
inciting event may become difficult to recognise. 

In children with cyanosis the hyperoxia test may be useful. The child is ex
posed to 100% oxygen, either in a headbox, or more easily if intubated. If there 
is cyanotic heart disease, the Pa02 will usually remain below 100 mmHg. If the 
problem is one of pulmonary disease, the Pa02 will usually exceed 100 mmHg. 
Blood for PaOz should be taken from the right arm to exclude right to left 
shunting at the ductal level. The test requires some interpretation. In the pres
ence of severe lung disease (which would be obvious on the chest radiograph) 
the PaOz may not exceed 100 mmHg. If the child is hypoventilating, even 
though 100% oxygen may be administered, the alveolar POz may be much low
er than predicted, and so the interpretation of the hyperoxia test also depends 
on a relatively normal PaC02. A normal PaCOz is all the more important in 
neonates as the pulmonary vasculature is more sensitive to acidosis and a rise in 
PaCOz will causes pulmonary vasoconstriction with hypoxia as a consequence
of shunting. 

One of the commoner pulmonary causes of desaturation which may be con
fused with cardiac disease is persistent fetal circulation (PFC), also called persis
tent pulmonary hypertension of the newborn (PPHN). In these children the 
pulmonary vascular resistance decreases as the child is made alkalotic, either by 
administration of bicarbonate or by hyperventilation, which may be combined 
with the hyperoxia test as a hyperoxia hypocarbia test. There is a sudden change 
in saturation as the pH rises, with fall of PVR, not a gradual change. In these 
children the chest radiograph are usually relatively normal, though there may be 
minor changes. 



18 P. Baines, C. Moores 

If the diagnosis of cyanotic heart disease is made, the child's condition can of
ten be improved by intravenous infusion of prostaglandin E1. This opens the 
ductus arteriosus and improves flow by allowing supply of the pulmonary cir
culation from the systemic circulation, or in case of transposition of the great ar
teries, by allowing mixing. Prostaglandin should be started at 10-20 ng/kg/ per 
minute and can be escalated, depending on the response, to 100-200 ng/kg/ per 
minute. At higher doses apnoeas, fever and vasodilation producing hypotension 
are more common. 

In these circumstances the child should be transferred to a cardiac centre for 
diagnosis, usually by echocardiography, and further management. 

If the symptoms are more those of congestive cardiac failure, the differential 
diagnoses include coarctation, the hypolastic left heart syndrome, patent ductus 
arteriosus (PDA), cardiomyopathy and disturbances of cardiac rhythm. 

Coarctation is recognised by the features of heart failure with a marked dif
ference between the femoral pulses and the upper limb pulses. Symptoms devel
op as the duct closes, so children present from a few days of age. A pressure gra
dient may be demonstrated between the lower limb and upper limb. Hypoplas
tic left heart syndrome (HLHS, the commonest cause of death from cardiac 
cause in under I-year-old children) presents at a similar age, with similar fea
tures, though without the disparity in pulses. On the contrary, the femoral puls
es may be better than the upper limb pulses. 

These conditions are usually diagnosed by echocardiography. In both initial 
treatment is with prostaglandin, as described for cyanotic heart disease, to open 
the ductus arteriosus and allow perfusion of the sytemic circulation by blood 
from the pulmonary circulation. Once the child is stable, operative repair of the 
coarctation can be performed. The management of HLHS is more controversial, 
but operation (the Norwood procedure) is usually offered. 

PDA is more often a complication of prematurity. If the duct remains open, 
then, as the pulmonary vascular resistance falls with age, blood flow to the lungs 
increases and heart failure develops. This usually occurs some days after birth. 
The clinical features are those of wet lung fields, hepatomegaly and a systolic 
murmur. Again, the diagnosis is usually confirmed by echo cardiography. If the 
PDA causes symptoms, a course of indomethacin may be used to close it, and 
should this prove unsuccessful, surgery may be necessary. 

Disturbances of rhythm, both bradycardia and tachycardia, may cause car
diovascular symptoms. A diagnosis of bradycardia may have been made antena
tally, often being confused with the bradycardia of fetal distress. Maternal sys
temic lupus erythematosus predisposes to fetal heart block. Isoprenaline to ac
celerate the rate, or pacing, may be necessary. 

Tachycardia may cause heart failure as well as diagnostic confusion. It is nec
essary to separate an appropriate acceleration of heart rate in an ill child from 
tachycardia causing heart failure as the primary illness. Tachycardias may be 
caused by specific diseases, such as the long QT syndrome. The treatment is to 
slow the heart rate. If supraventricular tachycardia is the problem, therapy will 
include adenosine or cardioversion. Other agents may be required to control 
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the heart rate should sinus rhythm be unstable. Control of neonatal tachycardias 
is often difficult. 

Decision making 

In many cases children have single system disease. Operative management 
should be deferred until the child is resuscitated, ensuring perioperative stabili
ty. Important examples include the management of CDH as discussed above 
and children with pyloric stenosis. These children present with hypochloraemic 
alkalosis as a consequence of electrolyte losses in the vomit. Operation should 
not be contemplated until the child is appropriately resuscitated and blood bio
chemistry returns towards normal. 

In recent years it has been recognised that the performance of nonelective 
procedures after hours, often by junior surgeons and anaesthetists, is not opti
mal management [24]. Increasingly, the need for urgent surgery to be performed 
during routine operating lists, with space maintained for urgent cases, is being 
recognised. There are some true emergencies, where stability will not be assured 
until the operation is performed, and operation and resuscitation are carrried 
out at the same time. Examples include penetrating trauma and bleeding oe
sophageal varices. 

In children with multisystem disease, some priorities must be established, 
concentrating on the problems which need immediate management, the others 
being delayed for later correction. 

Scoring systems 

Scoring systems designed to predict outcome were developed for critically ill 
adults and have been extended to paediatric intensive care. It might be hoped 
that they would guide clinical management. 

Two "all comer" scores are used to determine disease severity in paediatric 
critical care practice, PRISM [3] and PIM [6]. A newer version of PRISM, 
PRISM III, has recently been produced [25] though it is less commonly used 
than PRISM. PRISM is used more commonly than PIM and considers 14 vari
ables over a variable time period (from 8 to just under 32 h), generating a pre
dicted risk of mortality for each patient. PIM, a more recently described score, 
uses fewer variables and is a point of the ICU first contact score. This makes PIM 
easier to collect. A concern of allowing data collection up to 32 h, given that 
many of the deaths occur in the first 24 h, is that PRISM merely recognises death 
is occurring rather than predicting it. 

Separate from "all comer" scores are those which relate to specific disease. As 
an example, many scores are described for meningococcal disease [26] with 
more described each year. 

It is important to appreciate the common limitations of these scores. They de-
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scribe the outcome of groups of patients, rather than making useful predictions 
for individual patients. Overall, three of ten patients with an average predicted 
mortality of 30% will die, and one of ten patients with an average predicted 
mortality of 90% will survive. Scores produce a predicted risk of mortality and 
do not produce categorical outcomes: this patient will survive/this patient will 
not. The scores, then, are more useful for assessing unit performance, either 
against other units or through time. The scoring sytems are not useful in pre
dicting the outcome of individual patients, though there are attempts to produce 
scoring systems for this purpose. 

Variance in actual mortality from mortality predicted by a score, whether 
higher or lower, may not reflect the performance of the leu. A difference in pa
tient population may alter the calibration of the score. This has been well de
scribed for adult scoring systems. Similarly, a difference in referral pattern or 
pre-leU management may alter the performance of any scoring system. 

It has been suggested that scoring sytems such as PIM which use point of first 
contact data may be used for triage, to decide the need for leu admission. 

A child who has multiple diseases, each of which on their own would be treat
able, may be one of the more difficult cases to consider. It is important to con
sider the interaction of disease in the child, accepting that the presence of two or 
more diseases may have a more than additive effect. For example, the survival of 
children with tracheoesophageal fistula of birth weight> 1 500 g without major 
cardiac abnormality is 97%. With birth weight less than 1 500 g or major cardiac 
abnormality it declines to 59%, and with both, in addition to tracheoesophageal 
fistula, the survival is 22% [27]. 

Approach to withdrawal of treatment 

On occasion, it is apparent that children will not survive their time on the in
tensive care unit, or, should they survive, will be left with such severe damage 
that withdrawal of therapy is contemplated. In these instances it is the likelihood 
of cerebral recovery which is the most important consideration. 

These are obviously difficult decisions. It is important to act in the best inter
ests of the child. Decisions should be made jointly by doctors, nurses and par
ents. The wishes and concerns of the child should be considered when decisions 
are made, should they be known, though this is more relevant for older children. 

At times controversy is inevitable, reflecting differences in belief and experi
ence amongst those who need to reach agreement. Although the parents obvi
ously have a large input into the decision, the principle concern must remain the 
child's interests [28]. 

The way in which treatment is withdrawn will depend on the circumstances. 
Although the approach is described as withdrawal of therapy, it is more usually a 
change in direction of therapy from one with the aim of cure to one where the 
prime aim is relief of discomfort or suffering. The provision of adequate sedation 
and analgesia are vital. In some units all-invasive therapy (intubation and in
otropes) are withdrawn. In other units a limit is placed on escalation of therapy. 
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Monitoring 

Anaesthesia 

In recent years the use of monitoring in the operating theatre has increased, in 
response to attempts to reduce anaesthetic mortality and morbidity, which are 
higher in children than in adults, and highest in neonates [29]. 

The most important monitor in the operating theatre is the presence of a 
trained and vigilant anaesthetist. In the absence of an adequately skilled anaes
thetist to respond to data or alarms generated by a monitor, the monitor is useless. 
Furthermore, if the monitoring is overly complex or awkward to use, by distract
ing the anaesthetist's attention from the patient, monitoring may be harmful. 

Various groups have defined minimal monitoring which should be used for 
all patient groups [30]. These emphasise the importance in all patients of the 
presence of an appropriately trained anaesthetist. For monitoring, they suggest 
which parameter or physiological system should be monitored rather than de
scribing precise ways of monitoring. Monitoring may be continuous (the display 
of the ECG on a monitor) or intermittent (intermittently feeling a patient's ra
dial pulse). 

Two major groups of monitors may be described: those which monitor the 
patient and those which monitor the delivery of anaesthesia. 

Monitors of the delivery of anaesthesia 

The anaesthetic machine should be checked carefully prior to the start of anaes
thesia. 

Monitors commonly used include Fi02 monitoring and ventilator alarms. 
Both are obviously important. 

An important feature of equipment monitors is that they alert the anaes
thetist to the problem before that problem causes physiological perturbation. 
For example, a ventilator disconnect alarm set at an appropriate delay will warn 
of the disconnect before the saturation starts to fall, which is a later and more 
dangerous mode of detection of ventilation disconnection. 

More proximal monitors, such as those which monitor the pipeline supplies 
of gases, are also important in the delivery of safe anaesthesia. 

Patient monitors 

The degree of monitoring depends on several factors amongst which are the 
condition of the patient and the procedure being performed. For some short, 
simple procedures the only monitor used may be a pulse oximeter. For most cas
es, however, monitoring will usually include pulse oximeter, end-tidal capnog
raphy and noninvasive blood pressure measurements. In young babies tempera
ture is more commonly monitored and this is often done with an oesophageal 
temperature probe, which may also be used as a stethoscope. 
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The more complex the procedure and the younger and iller the child is, the 
more monitoring will be used. 

Intensive care monitoring 

In general, monitoring on the intensive care unit resembles monitoring used 
in operating theatres. It facilitates safe transfer of patients between theatre and 
intensive care if the monitoring used on intensive care and theatres is the 
same. 

Again monitors on the intensive care unit may be separated into those which 
monitor the patient and those which monitor the delivery of care. 

The equipment used on the intensive care unit is becoming increasingly com
plex and has inbuilt monitoring sytems. Such systems include the ventilators 
and syringe or infusion pumps. The more complex the equipment, the more 
training is required before its use and the more opportunities are present for 
equipment malfunction or misuse. Staff must be experienced and familiar with 
the equipment used on the intensive care unit. 

Patient monitoring 

Most ventilated patients in intensive care will be continuously monitored by 
ECG and pulse oximetry. Depending on their condition, blood pressure moni
toring will be either by invasive arterial line, which also allows sampling of 
blood, or by intermittent cuff blood pressure measurements. End-tidal carbon 
dioxide monitoring is becoming increasingly common. 

Apart from the general monitors used on the intensive care unit, specific 
monitors may be used for specific conditions. Examples of these include in
tracranial pressure monitoring for the management of head injuries and the 
various monitors used for patients with shock: PAOP measurements with a baI
lon-tipped flow-directed catheter, measurements of cardiac output, measure
ments of SvOz, and gastric tonometry, amongst others. These specific monitors 
are not discussed further in this review. 

Most of the monitors have alarms. For these alarms to have any value, appro
priate limits need to be set and reviewed as the patient's condition changes. 

Monitoring during transport should be of the same standard as that practised 
on the intensive care unit. This is facilitated by the development of portable 
multi-modal monitors of small size with a good battery life. 

Audit of practice 

To ensure that quality of care is maintained it is important to audit practice on 
the intensive care unit. Exactly how this is achieved varies between units. Most 
units will review their practice over time. In addition, individual cases may be 
studied further in regular morbidity and mortality meetings. An important 
mode of review is the use of critical incident reporting. 
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Chapter 3 

The choice of paediatric anaesthesia system 

A.E.E. MEURSING 

The airway and ventilation of the infant and child give rise to the most frequent 
complications in paediatric anaesthesia, i.e. problems in the oxygenation. An 
understanding of this pathology rests upon a knowledge of normal develop
ment in anatomy, physiological function and the specific differences between the 
adult and the paediatric airway. With this understanding and knowledge, an ap
propriate choice of anaesthesia system (circuit) can be made. 

Airway in paediatrics 

The highly vascular mucosa of the mouth is continuous with that of the larynx 
and trachea. The mucosa is loosely adherent to the underlying structure in most 
areas, but highly adherent to the vocal cords and laryngeal surface of the epiglot
tis. The submucosa consists of loose fibrous stroma, except on the tracheal sur
face of the epiglottis and the vocal cords. For this reason, most inflammatory 
processes of the airway above the level of the vocal cords are limited by the bar
rier formed by the firm adherence of the mucosa to the vocal cords. 

Therefore, the epiglottitis is usually confined to the supraglottic structures and 
laryngo-tracheo-bronchitis does not spread above the level of the vocal cords. 

Developmental anatomy 

There are five major differences between the neonatal and adult airway [1-3, 5]. 
1. Tongue: the infant tongue is relatively large in proportion to the rest of the 

oral cavity, thus more easily obstructs the airway, especially in the neonate. 
The tongue is more difficult to manipulate and stabilize with a laryngoscope 
blade. 

2. Position of larynx. the infant larynx is higher in the neck (C3-4) than in the 
adult (C4-5). The tongue is closer to the roof of the mouth and easily ob
structs the airway. The more rostral location also creates difficulty in visual
ization of laryngeal structures; a straight laryngoscope blade better facilitates 
visualization of the larynx. 

3. Epiglottis: the adult epiglottis is broad and its axis is parallel to that of the tra
cheal. Because the infant epiglottis is narrower, shorter and angled away from 
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the axis of the trachea, it is more difficult to lift the epiglottis with the tip of a 
laryngoscope blade. 

4. Vocal folds: the infant vocal folds have a lower attachment anteriorly than pos
teriorly (angled), whereas in the adult, the axis of the vocal folds is perpen
dicular to that of the trachea. This anatomical feature occasionally leads to 
difficulty in intubation, i.e. the tip of the endotracheal tube is caught at the 
anterior commissure of the vocal folds. 

5. Subglottic area: the narrowest portion of the infant larynx is the non-dis
tensible cricoid cartilage; in the adult, it is the rima glottidis. In the adult, 
therefore, an endotracheal tube which traverses the glottis will pass freely 
into the trachea, because the airway beyond is of a larger diameter. In the 
child, however, an endotracheal tube might easily pass through the vocal 
folds but not through the subglottis. A tightly fitting endotracheal tube that 
compresses tracheal mucosa may cause oedema in subglottic structures 
(cricoid cartilage), leading to a significant increase in airway resistance up
on extubation. 
As the child matures (by approximately 10-12 years of age) the cricoid and 

thyroid cartilages grow, thus eliminating both the angulation of the vocal cords 
and the narrow subglottic area. 

In infants and children younger than 3 years of age, the head is large in pro
portion to the trunk. 

Airway selection 

The infant's tongue is relatively large in proportion to the oropharynx and often 
obstructs the airway during induction of anaesthesia or loss of consciousness 
from any cause. It is important, therefore, to select an oropharyngeal airway of 
proper size to achieve unobstructed air exchange. The laryngeal mask airway 
(LMA) is a mask shaped to cover the entrance of the larynx (hence its name) with 
a tube coming out of the mouth. After insertion, air is blown into the cuff of the 
mask so that it seals optimally. Although primarily shaped to fit the adult larynx, 
it has found wide application in infancy and childhood; it is not intended for 
long-term use. Artificial ventilation has been used with LMA but, especially in the 
young infant, is recommended only for primary resuscitation purposes. 

An appropriately sized un cuffed tracheal tube may be chosen according to 
age. In general, it is desirable to select an uncuffed tube which would result in an 
air leak around the 20-30 cm H20 peak inflation pressure (PIP) in children un
der 10 years of age. 

Preoperative preparation 

The ability of the child to open the mouth must be assessed (Mallampati). 
Subsequently, the entrance size of the mouth, the size of the tongue, loose or 
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missing teeth, size and configuration of palate, size and configuration of 
mandible, and location of larynx are verified. Is there a stridor: in- or expira
tory? Are there obvious congenital anomalies which may fit a recognizable syn
drome? The finding of one anomaly mandates a search for other anomalies; if 
a congenital syndrome is diagnosed, all anaesthetic implications must be con
sidered. 

Proper equipment must be prepared and it is advisable to have an alternative 
plan ready. 

Choice of drugs 

For a "normal" airway, anaesthesiologists will choose to use a non-depolarizing 
relaxant (mivacron, atracurium, rocuronium, vecuronium or pancuronium) af
ter the administration of a sedative in an appropriate dose. Often a small dose of 
analgetic (fentanyl, sufentanil, alfentanil or remifentanil) to obtund airway re
flexes is added. The choice of the relaxant will depend on the type of the proce
dure, condition of the patient, or the preference of the anaesthesiologist. In the 
case of a full stomach or difficult airway, most anaesthesiologists will still prefer 
to use suxamethonium chloride (1-2 mg·kg-1). This may cause increased in
tracranial and ocular pressure as well as a dramatic increase in potassium chlo
ride, leading to arrhythmia. The use of methylatropine (0.01-0.02 mg. kg-l ) is 
recommended. 

As mentioned above, it is advisable to maintain spontaneous ventilation in 
the initial phases of management of a difficult airway. This is best achieved by 
using inhalational anaesthetics in either oxygen or with oxygen-enriched air by 
face mask or slowly titrating short-acting anaesthetics such as propofol (2-3 
mg·kg-1), etomidate (0.25 mg·kg-1) or midazolam (0.5 mg·kg-1). 

Pathology 

The most frequently encountered congenital abnormalities are the Pierre Robin 
syndrome, cricoid stenosis, hypoplasia or agenesis of bronchi or trachea, hygro
ma or lymphoma. 

Infections necessitating anaesthesia or intensive care include abscesses, 
epiglottitis, Jackson tracheobronchitis and bronchopneumonia. 

Our anaesthesia colleagues often support the paediatricians or ear, nose, 
throat specialists in removing from the airway all sorts of foreign bodies: 
peanuts, marbles, toys and sticks, etc. 

In the emergency room, trauma or burns of the airway confront the attending 
physicians with a problem of managing the airway. 

Metabolic diseases of infancy and childhood may cause infestation of sub
mucous tissues such as the mucopolysaccharidoses [4]. 



28 A.E.E. Meursing 

Anaesthetic management 

The components of proper preparation consist of the use of a drying agent, 
titrated anaesthesia, vasoconstriction of mucous membranes, preparation of pa
tient and parents, and adequate assistance and equipment. Also, the surgeon 
should be made well aware of the anticipated problems. 

After securing intravenous access, it is preferred to preserve spontaneous ven
tilation. It is imperative that the anaesthetist in charge makes an optimal attempt 
at laryngoscopy as multiple repeated attempts may cause laryngeal oedema and 
bleeding. The position of the patient is such that the longitudinal axes come as 
close as possible. Fortunately, the larynx of the child can rather easily be moved 
externally by hand. The two-anaesthetist-three hands technique as described by 
Brown and coworkers may be extremely useful. Prior to these steps, an alternative 
plan should be available: laryngeal mask, fibreoptic intubation, retrograde intu
bation, or a surgical airway. Risks, advantages and disadvantages should be well 
considered in advance and the rule "get out or get help" should never be forgotten. 

Circuits [6] 

Children, having higher oxygen consumption, carbon dioxide production, and 
minute ventilation, require higher fresh gas flows per kilogram than adults. The 
design of a breathing system should meet certain criteria: it should be light
weight, have a minimum number of connections, and be easy to assemble and 
use without error. It should reliably deliver oxygen, nitrogen, nitrous oxide, and 
anaesthetic vapours and should eliminate carbon dioxide. Conservation of heat 
and humidity are of paramount importance. By reducing water and heat loss 
from the patient, the system should protect the airway mucosa and reduce the 
risk of pulmonary complications after prolonged surgery. In addition, dead 
space and resistance to breathing should be minimized. In children, the moni
toring of airway pressure is very important. If anaesthesia is administered, con
centration of inspired gases is strongly recommended. In centres where flamma
ble agents are still in use, non-conductivity is essential. 

The most commonly used breathing system for neonates is some version of 
the Mapleson E or D system. Ayre's original T-piece was modified by Rees, who 
added an expiratory limb to prevent air dilution and an open-ended 500 ml 
reservoir bag to allow respiration to be monitored and positive pressure to be 
applied. The recently introduced ADE breathing system has never gained much 
popularity in Europe, despite its obvious attractions. The T-piece remains the 
least cumbersome breathing circuit for infants and young children, with the 
Magill attachment or Bain system being popular for older children. 

In spontaneous respiration in infants and children, some continuous positive 
airway pressure (CPAP) - in intermittent positive pressure ventilation (IPPV) 
positive end expiratory pressure (PEEP) - is recommended up to 3 cm H20 to 
prevent collapse of the smaller airways. 
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Chapter 4 

Update on inhalation anaesthesia 

D.]. HATCH 

Despite the introduction of topical analgesic creams, inhalational induction of 
anaesthesia is still widely practised in young children, especially those below the 
age of 3-5 years. Around 30% of anaesthetists responding to a survey in August 
1995 used inhalational more frequently than intravenous induction in this age 
group where uptake of inhaled agents is particularly rapid. 

In children the induction characteristics of the ideal inhalational agent are 
particularly important (Table 1) though, clearly, recovery profile, cardiovascular 
stability, minimal metabolism, stability in soda lime and lack of central nervous 
system excitation are as important as they are in adults. Cyclopropane was an 
agent which had many of these characteristics, giving rapid smooth induction. 
However, because of its explosive properties halothane was widely accepted as 
the least pungent of the other inhalational agents available, giving the smoothest 
induction with minimal risk of laryngospasm and hypoxaemia. Its disadvan
tages are well known and include myocardial irritability, especially in the pres
ence of adrenaline, depression of myocardial and respiratory function, cerebral 
vasodilatation, biotransformation, and, rarely, hepatotoxicity. Since it is rapidly 
disappearing from adult anaesthetic practice, lack of familiarity with its use by 
younger anaesthetists will soon have to be added to this list of disadvantages. 

Two new inhalational agents have recently become available in this coun
try: sevoflurane, a fluorinated methyl isopropyl ether, and desflurane, a fluori
nated methyl ethyl ether (Fig. 1). Fluorine has 0.001% of the ozone depleting 
activity of chlorine, so both these new drugs should be more environmentally 
friendly. Their physical prosperties suggest rapid uptake and elimination, espe
cially in children (Tables 2 and 3). Desflurane, however, is extremely pungent 
and causes severe irritation of the upper respiratory tract if used for induction 
of anaesthesia. In one study, approximately half the children induced with des-

Table 1. Ideal inhalational anaesthetic for children 

Non-pungent 
• Rapid induction and recovery 
• Cardiovascular stability 

Minimal metabolism 
Stable in soda lime 
CNS stability 
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Fig. la,b. Sevoflurane, a fluorinated methyl isopropyl ether (a); desflurane, a fluorinated 
methyl ethyl ether (b) 

Table 2. Sevofluorane 

Molecular weight 
Boiling point 
Saturated vapour pressure 
Blood/gas 
Fat/blood 

Table 3. Desflurane 

Molecular weight 
Boiling point 
Saturated vapour pressure 
Blood/gas 
Fat/blood 

200 
58SC 

160mmHg 
0.68 
48 

168 
22.8°C 

669mmHg 
0.42 
27 

flurane developed laryngospasm so that is not recommended for inhalational 
induction. 

Sevoflurane is relatively insoluble in blood, giving it the potential for rapid in
duction and recovery. It is relatively non-pungent and non-irritant with a high
er potency and is very useful for induction in children. It can be given from a 
standard vaporiser whilst a specially designed, heated, pressurised vaporiser is 
required for administration of desflurane. Minimum alveolar concentration 
(MAC) falls with age with the newer agents as it does with the older ones though 
interestingly data from Lerman's group in Toronto [1-4] suggest that MAC of 
sevoflurane does not increase over the first few months of life in the way that it 
does with most other agents (Table 4). 

Table 4. Minimum alveolar concentrations in sevoflurane and desflurane 

Age Sevoflurane Desflurane 

Under 1 month 3.3 9.16 
1 .. 6 months 3.2 9.42 
6-12 months 2.5 9.92 
3 .. 5 years 2.5 8.62 
Adult 2.0 6.0 
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This group has also demonstrated that the MAC-sparing effect of nitrous ox
ide is less with the newer insoluble agents than with the more soluble predeces
sors. The absolute MAC values of sevoflurane at different ages are shown in 
Table 5. 

Table 5. MAC-sparing effect of nitrous oxide 

Halothane 
Isoflurane 
Sevoflurane 
Desflurane 

Pharmacodynamics 

Cardiovascular system 

60% 
40% 
24% 
20% 

There is fairly clear evidence that sevoflurane does not activate the sympathetic 
nervous system, does not cause coronary steal, and produces less myocardial 
sensitisation to adrenaline than halothane. Johanneson Reported 61 % arrhyth
mias in ENT surgery with halothane, 5% with sevoflurane. There have been sim
ilar reports in dental anaesthesia. Sevoflurane produces less tachycardia than 
isoflurane and similar myocardial depression, which means that it is less of a 
myocardial depressant than halothane [5]. 

Nervous system 

Sevoflurane has an effect similar to that of isoflurane on intracranial pressure 
and a minimal effect on cerebral blood flow, cerebral metabolic oxygen con
sumption, and autoregulation of the cerebral blood supply. 

Respiratory system 

Since much of the early work was carried out in countries where spontaneous 
breathing is less frequent during anaesthesia than in this country, there is natu
rally concern about the respiratory effects of this new anaesthetic agent [6]. An 
early paper from Japan in 1987 suggested that it might have a greater depressant 
effect on respiration than halothane, though this study was poorly controlled. 
More recently, Yamikage [7], using a respiratory inductive plethysmograph, has 
suggested that sevoflurane is more a respiratory depressant than halothane at 
high values of MAC. However, no mention is made in this paper of any attempt 
to validate the plethysmograph for quantitative measurements. Work by Karen 
Brown [8] from Montreal showed that minute ventilation and respiratory fre
quency were lower in infants during 1 MAC sevoflurane than during halothane 
anaesthesia, which may reflect different effects of these anaesthetic agents on 
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ventilatory control. Anaesthetic management included the use of a laryngeal 
mask. Flow, airway pressure and P el,C02 were measured during spontaneous 
ventilation and airway occlusions. Respiratory inductive plethysmography was 
used to assess chest wall motion. Measurements were obtained in 30 infants and 
young children, randomised to receive 1 MAC halothane or sevoflurane in 
NzO:Oz. Some respiratory depression, evidenced by a Pel,coz of 45 mmHg (6 
kPa), was present in both groups. Minute ventilation and respiratory frequency 
were significantly lower during sevoflurane than halothane anaesthesia. There 
was no difference in respiratory drive, but the shape of the flow waveform dif
fered according to anaesthetic agent, with peak inspiratory flow being reached 
later, and peak expiratory flow earlier, in the sevoflurane group. There was also 
significantly less thoraco-abdominal asynchrony during sevoflurane anaesthe
sia. 

Toxicity 

Although as much as 5% of sevoflurane may be metabolised, trifluoroacetic 
acid, one of the main hepatotoxic breakdown products of halothane metabo
lism, is not produced during hepatic metabolism of this agent [9-10]. Metabo
lism occurs by defluorination via cytochrome P450-2El to hexafluoroiso
propanol and inorganic fluoride, which is then conjugated with glucuronic acid 
and excreted in the urine. Peak fluoride levels are approximately half of the 
widely accepted nephrotoxic level of 15 !lmol and the area under the curve is sig
nificantly less than with known nephrotoxic agents such as methoxyflurane 
(metabolised by P450-31 +P450-2El). Although higher levels have been report
ed in a few studies, there have been no clinical reports of renal toxicity even in 
renally impaired patients or after prolonged administration of anaesthetics, de
spite the fact that 2 million patients worldwide have received sevoflurane. Kha
rash has recently suggested that intrarenal metabolism may be more important 
than hepatic metabolism, and it is interesting to note that the cytochrome P450 
required for metabolism is not found in the human kidney. 

Sevoflurane is partially degraded by carbon dioxide absorbents to produce 
small amounts of compound A (fluoromethyl-2,2-difluoro-l-( trifluoromethyl) 
vinyl ether), which causes mild renal changes in rats at concentrations above 
those found clinically. However, these changes depend on a ~-lyase, of which rats 
possess more than humans. (LC50 of compound A in rats is 1 h at 1 000 ppm 
and 3 h at 400 ppm; 3 days per week over 8 weeks has virtually no effect up to 
120ppm in rats. In humans the maximum reported concentration peaking after 
9 h is 37 ppm apart from one report of 60 ppm with baralyme. Maximum re
ported in children at 2 lImin is 15 ppm). Levels of compound A are increased 
with increase in temperature and with decrease in flow rate and are higher in the 
presence of baralyme and fresh soda lime. Paediatric patients produce less car
bon dioxide so that a given fresh gas flow rate will produce a lower concentra
tion of compound A in a child than in an adult. However, this may be offset by 
the increased MAC in children and the fact that many paediatric anaesthetists 
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may rely more heavily on inhaled anaesthetics alone rather than a balance with 
intravenous agents. Eger has recently suggested that compound A is genotoxic, at 
least in Chinese hamster ovary cells, and this may be of concern in the early 
stages of pregnancy. The American FDA currently does not recommend the use 
of sevoflurane with flow rates less than 2 lImin though the Committee on Safe
ty of Medicines in this country has not issued a similar restriction. Further re
search is clearly needed to support or refute the FDA's somewhat arbitrary re
striction. 

Fang and co-workers in 1995 [11] pointed out that the combination of dry 
soda lime or baralyme with some anaesthetics agents could produce carbon 
monoxide, particularly if the absorber was not flushed after standing overnight. 
This problem is greatest with desflurane and least with halothane and sevoflu
rane. 

Sevoflurane in clinical practice 

My colleagues and I took part in the multicentre Phase III randomly controlled 
trials of the drug [12]. A total of 81 patients were studied, 42 randomly assigned 
to receive sevoflurane, and 39 to receive halothane. The groups were similar with 
respect to age, weight, sex, premedication and type of surgery. When the inhaled 
agent concentration was increased incrementally by equi-MAC steps according 
to a stictly defined protocol, Sevoflurane induction resulted in statistically sig
nificantly quicker (p<0.05) loss of eyelash reflex and end of induction (defined 
as regular breathing, central fixed pupils). The incidence of complications was 
similar in the two groups, with no serious complications in either group and no 
serious desaturation. Blood pressures were also similar during induction in the 
two groups. 

Recovery characteristics were studied in 40 daycases, none of whom had seda
tive premedication. Recovery scores (Aldrete system) were statistically signifi
cantly lower in the sevoflurane group than with halothane. The Hannallah pain 
score was, however, higher in the earlier recovery period with sevoflurane, sug
gesting that when this drug is used, even more care must be taken to provide 
children with adequate analgesia [13]. 

Sevoflurane appears to provide a smooth rapid induction in children. The 
results of the early studies comparing the speed of induction of sevoflurane 
with halothane in children have been inconclusive, some finding sevoflurane to 
be more rapid than halothane as we did, and others finding no difference when 
inhaled concentrations are increased incrementally. In a further randomly con
trolled study in our own department we compared induction times using the 
maximum available concentration of each agent from the outset, that is to say 
8% sevoflurane with 5% halothane, and found no statistically significant dif
ference in the time to loss of eye lash reflex or end of induction between the 
two agents. Induction was rapid and smooth with both agents though volun
tary movements before loss of consciousness (struggling) were significantly 
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greater than halothane. A significantly larger number of parents of children 
who had previously had a halothane anaesthetic, when questioned, indicated a 
preference for sevoflurane [10, 14]. Involuntary movements after induction of 
anaesthesia are minimal when rapid induction with high inspired concentra
tion is used [15]. 

Although neither sevoflurane or desflurane are ideal anaesthetic agents, 
sevoflurane in particular seems to have significant advantages over its predeces
sors, certainly for induction. Both sevoflurane and desflurane have advantages 
during maintenance and recovery, though whether these advantages justify their 
cost remains to be seen. 
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Chapter 5 

Choice of perioperative fluids and transfusion 

1. SALVO, E. ZOIA 

This article gives a practical approach to the perioperative fluid management of 
infants and children undergoing surgical procedures. Understanding disorders 
of the body fluids and complicated systems controlling volume, distribution, 
tonicity, and composition of the fluids requires a knowledge of the normal body 
water compartments and their chemical composition as well as the normal func
tion of the control mechanism. Therefore, we will start briefly by discussing the 
normal anatomy of the body fluids. 

Changes in body fluid composition and distribution 

Water is the most abundant component of the body, constituting approximate
ly 55% of the body weight of an adult and as high as 75%-80% of the normal 
neonate and the premature infant, respectively. Changes in total body water oc
cur as the child grows. There is a rapid decrease in total body water as a percent
age of body weight during the first year of life: from 75% at birth to approxi
mately 70% at 6 months and 60% at 1 year of age. Thereafter, the percentage of 
total body water gradually decreases until the child reaches puberty, when, in 
boys, the percentage is greater because of the differences in body fat content be
tween boys and girls. 

Total body water is distributed into two major compartments: extracellular 
(ECF) and intracellular (ICF) fluids. The anatomy of body water compartments 
from early fetal life throughout childhood has been studied by Friss-Hansen [1 J. 
This author emphasizes the changes in the ratio ECF/ICF water from birth to 
the teenage years (Table 1). The preterm infant has a very high proportion of its 
total body weight as water, with two-thirds residing in the ECF. As the cells grow 
and multiply and organs develop, the intracellular proportion of the total body 
water increases with a corresponding reduction in the ECF. 

The normal electrolyte composition of body fluids is shown in Table 2. The 
total cations and anions within a particular fluid space must be equal [2J. Be
cause of the higher ECF volume in infants, there is more sodium and chloride 
per kilogram and less potassium in the infant than in the adult. 

The ECF is further divided into plasma volume (intravascular fluid which 
represents from 4% to 5% of body weight, not much higher than in adults) and 
interstitial fluid (fluid within the interstices of the cells and partly in the con-
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Table 1. Distribution of body water between extracellular and intracellular fluids (ECF/ICF) 
as per cent of body weight. (Modified from[l]) 

Age Total water % Extracellular water % Intracellular water % ECF/ICF 

0-1 day 79 43.9 35.1 1.25 
1-10 days 74 39.7 34.3 1.14 
1-3 months 72.3 32.2 40.1 0.80 
3-6 months 70.1 30.1 40 0.75 
6-12 months 6004 2704 33 0.83 
1-2 years 58.7 25.6 33.1 0.77 
2-3 years 63.5 26.7 36.8 0.73 
3-5 years 62.2 2l.4 40.8 0.52 
5-10 years 6l.5 22 39.5 0.56 
10-16 years 58 18.7 39.3 0048 

nective tissue) separated by the capillary membrane, which is passively perme
able to all, except cells and protein, following pressure gradients. The cellular 
membrane, which separates ECF from ICF is passively permeable, only to water, 
following osmotic pressure gradients. 

The fluid compartments do not exist as fixed spaces with identical composi
tion but rather are in constant interchange with each other and have strikingly 
different composition. Methods of movement of solutes and water include dif
fusion along electrochemical gradients, by hydrostatic pressure, osmotic forces, 
bulk flow, active transport, capillary blood flow, and oncotic pressure. Complex 
feedback control mechanisms exist to ensure homeostasis and involve the kid-

Table 2. Normal electrolyte composition of body fluids 

Electrolytes Plasma Interstitial fluid Intracellular fluid 
(mEq/L) (mEq/L) (mEq/L) 

Cations 
• Sodium 140 143 ±10 
• Potassium 4 4 160 
• Calcium 5 3.3 
• Magnesium 2 26 

Total cations 151 

Anions 
• Chloride 104 114 ±2 
• Bicarbonate 25 29 ±8 
• Phosphate 2 95 
• Sulfate 1 20 
• Organic acids 6 
• Protein 13 55 

Total anions 151 
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neys, lungs, circulatory, and endocrine systems and the CNS. The maintenance 
of extracellular volume is centered around the control of the balance of sodium 
(renin-angiotensin-aldosterone system), while the most important determi
nant of the osmolarity of the body fluids is the excretion or retention of water 
by the kidneys, thirst mechanisms, and the intake of water (qntidiuretic hor
mone). 

Which compartments are affected when a patient gains or loses fluid depends 
on the nature of the fluid and the rate at which it is gained or lost. The intravas
cular compartment is the most accessible one because it serves as the interface 
between the outside environment (through skin, lungs, kidneys, and gastroin
testinal tract). It can also lose fluid directly to the outside (hemorrhage) or re
ceive fluid directly from the outside (i.v. fluids). Next in line is the interstitial flu
id, a sort of storage area where excessive fluid can be stored or drawn from very 
easily. Beyond that, there is the ICF, which can only be reached through the oth
er two compartments and is protected by the cellular membrane from all fluid 
shifts except those generated by osmotic gradient. 

Thus, a patient who loses isotonic fluid rapidly will develop shock (the loss is 
borne primarily by the intravascular compartment). A patient who loses isoton
ic fluid slowly will become dehydrated (participation of the fluids of the inter
stitial fluid). A patient who losses pure water will develop CNS symptoms in ad
dition to dehydration (participation of the ICF) and will rarely develop shock 
because his entire body water is participating in the volume loss. In the opposite 
direction we have circulatory overload, peripheral edema, and cellular swelling, 
depending on the rate and nature of the fluid gain. 

Development of renal function 

Development of renal function occurs throughout the first 12 months of post
natal life. In many respects, the newborn kidney is similar to the newborn lung. 
Both have a high vascular resistance, resulting in a low blood flow. This low 
blood flow leads to a low glomerular filtration rate (one fourth that of the 
adult). Concentrating ability is limited so lack of fluid intake or loss of fluids 
leads to problems much more rapidly. In premature babies, excessive fluid ad
ministration delays closure of the arterial duct. 

Sodium balance is dependent on sodium intake in neonates and daily sodium 
intake increases with degree of prematurity. Giving sodium free liquids will 
more rapidly produce hyponatremia, and sodium excretion after a sodium load 
is not very efficient in neonates. Shortly after birth, the transition of fetal circu
lation to that of the neonate results in an increase in systemic pressure and a de
crease in renal vascular resistance. These changes lead to a rapid improvement in 
renal blood flow, and by the time the neonate is 4-5 days old there is a marked 
improvement in the ability of the neonate kidney to conserve fluid as well as ex
crete an overload. 
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Basic fluid and electrolyte requirements 

Maintenance fluid is the amount of liquids the body needs for replacement of 
basal daily losses from normal functions of the lungs, skin, kidneys, and gas
trointestinal tract. 

Insensible water is the term given to losses through the skin and lungs. 
About two thirds of an infant's daily insensible water loss is through the skin, 
and one third through the lungs. Insensible water is affected by several factors 
including clothing, body temperature, respiratory rate, sedation, anaesthesia, 
ambient humidity, and temperature. In the neonates also gestational age, the 
method used for controlling body temperature, and phototherapy affect insen
sible water. 

Fever increases insensible water loss by 7 mllkg body weight per 24 h for each 
degree of temperature above 37°C [3). 

The volume of insensibile water losses in milliliters can be related to the en
ergy expended in calories with 1 ml of water being lost for each calorie metabo
lized [4). Calories expended, in turn, can be related to the body weight at all 
ages. The fluids lost from the lungs and skin are electrolyte-free. With sweating, 
considerable amounts of sodium and potassium may be lost. Under normal 
conditions insensible water loss is approximately 30 ml per 100 calories expend
ed through the skin and 15 ml per 100 calories through the lungs [5) (Table 3). 
Total net fluid loss is about 100 mll100 calories (=1 mllkcal). 

To simplify the calculation of fluid requirements in the perioperative period 
we can follow the suggestions of Holiday and Segar [4) (Table 4). The electrolyte 
requirement is for sodium 2-3 mEq/kg/per day, and potassium 1-2 mEq/kg/per 
day. Potassium is usually omitted in the intraoperative period. 

Table 3. Maintenance water and electrolyte requirements based on caloric expenditure. (From 
[5] with permission) 

Body weight Calories expended Water requirements Electrolyte requirements 
(kg) (kcal/kglday) (mUIOO kcaUday) (mEq1100 kcal/day) 

3-10 100 Insensible 

10-20 1000+50 kcalJkg Skin=30 Sodium=2.5-3.0 
for each kg> 10 Lung=15 Potassium=2.0-2.5 

>20 1500+20 kcalJkg Renal=70 Chloride=4.5-5.5 
for each kg>20 Stool=5 

Preoperative assessment 

The preoperative assessment of fluid volume and state of hydration varies from 
elective surgery with no or slowly developing fluid deficit to the severely trau-
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Table 4. Daily and hourly basal maintenance fluid requirements. (From [4]) 

Weight Water Water 
(kg) (24 h) (h) 

3-10 100 mllkg 4 ml/kg 
10-20 1000 ml+SO ml Ikg 40 ml + 2 mllkg 
>20 1 500 ml+20 ml/kg 60 ml+ 1 ml/7kg 

matized patient who is undergoing a deficit in blood and interstitial volume 
(rapidly occurring fluid loss) and in whom it is difficult to evaluate fluid bal
ance. After an accurate clinical history, the evaluation of water balance should 
consider clinical signs (blood pressure, heart rate, skin turgor, mucous mem
branes, fontanelle pressure, capillary refill, peripheral perfusion, core-peripher
al temperature gradient), urine (volume, electrolytes, osmolarity, urea, creati
nine, acid base status), serum (electrolytes, glucose, osmolarity, hematocrit, urea, 
creatinine, acid base status), and body weight. 

Fasting and oral liquid intake 

Maintenance fluids are provided to prevent dehydration before surgery. In 
elective procedures, there is almost always time for an appropriate period of 
fasting from solids, milk, and water. Prevention of pulmonary aspiration and 
the effort to decrease risk of dehydration or hypoglycemia from prolonged 
fasting is part of the overall process of preoperative evaluation and preparation 
of the patient. Published evidence shows no difference in gastric residual vol
ume or pH in children who have a standard 8-h fast compared with those al
lowed to ingest unlimited amounts of clear liquids (water, apple juice, sugar 
water) up to 2 h before anaesthesia induction [6-8]. The guidelines for preop
erative fasting of the ASA based on these studies, August 1997, are summarized 
in Table 5 [9]. 

As a practical rule, one may ask the parents to withhold all milk and solids af
ter midnight and then offer the child clear liquids until 2 h before surgery. 

Table 5. Summary of fasting recommendations. (From [9]) 

Ingested material 

Clear liquids'" 
Breast milk 
Solids, nonhuman milk and infant formula 

Minimum fasting period 

2h 
4h 
8h 

,.. Examples of clear liquids include water, fruit juice without pulp, carbonated beverages, clear 
tea, and black coffee 
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Intraoperative fluid replacement 

The aim of intraoperative fluid replacement is to provide fluid and electrolytes 
to prevent the kidney having to conserve or excrete large amounts of either com
ponent. Intraoperative fluid replacement is made up by maintenance fluids and 
replacement fluids. 
l. Maintenance fluids: the daily and hourly basal maintenance fluid require

ments are shown in Table 4. The combination of basal maintenance fluid re
quirements and basal electrolyte requirements results in a hypotonic electrolyte 
solution. Therefore, the usual intravenous maintenance fluids given to chil
dren by paediatricians in the ward is one fourth-to one third - strength 
saline. Sweat and diarrhea are hypotonic fluids as well. 

2 .. Replacement fluids: losses secondary to trauma, burns, peritonitis, bleeding, 
and losses from the upper gastrointestinal tract are isotonic fluids. All these 
losses are very high in sodium and may all be considered as loss of ECF. 
Therefore every surgery, injury, or upper gastrointestinal tract loss should be 
replaced by an isotonic balance salt solution, that is, one that contains ap
proximately 140 mEq/l of sodium, 100 mEq/l of chloride, and small amounts 
of other electrolytes. 
However, for practical purposes, balanced solutions can be used to replace all 

types of intraoperative losses, both isotonic and hypotonic. The kidney is much 
better equipped to excrete overloads of sodium than it is to compensate for ex
cess losses of sodium that are not appropriately replace [10] (Table 6). 

Factors which reduce the maintenance fluid requirements by up to 70% are 
the use of humidified inspired gases, high antidiuretic levels (particularly after 
trauma), high room-humidity, and hypothyroidism. Sedation and anaesthesia 
also reduce basal metabolic rate and therefore fluid requirements. In renal fail
ure restriction of fluid intake is more aggressive, down to 30% of basal plus the 
urine output. After cardiopulmonary bypass, fluid intake is often restricted to 
around 50% of basal levels and in hypothermia fluid input should be reduced by 
12% per degree Celsius below 37°C. 

Factors which increase the basal fluid needs up to 50% are surgery of the ab
dominal cavity, hyperthyroidism, radiant heaters, and phototherapy. Preterm 
neonates or children who are hyperventilating may need 20% above basal rates. 

Table 6. Intraoperative fluid administration. (Modified from [10 1 ) 

First hour 
• 4 ml/kg for every hour of fluid deprivation prior to surgery 

Basic hourly fluid 
• Maintenance 4 ml/kg/h + 
• Surgical trauma 

- mild trauma: 2-4 ml/kg/h 
- moderate trauma: 5-7 mllkg/h 
- severe trauma: 8-12 mllkg/h 
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Pyrexia increases the fluid requirements by 12% per degree Celsius and very hot 
ambient temperature over 31°C may mean the child needs 30% more fluid per 
degree Celsius above 31 0c. Burn injuries result in an increased fluid requirement 
of about 4% per percentage of burn on the first day, decreasing to 2% per per
cent burn area on the second day. Much attention must be paid on gastrointesti
nal fluid losses. As a rule, fluid intake and output should always be charted in de
tail and the volume and composition of the fluid intake be titrated against loss
es and laboratory results. 

Glucose 

The sugar content of fluids should be high enough to spare breakdown of pro
teins and to prevent ketosis, while avoiding hyperglycemia. 

It has long been thought that the paediatric patient might be at special risk for 
developing hypoglycemia. Hypoglycemia is defined as glycemia <30 mg/dl in 
neonates and glycemia <40mg/dl in older infants and children. Welborn et al. 
[11] reported fasting glucose levels for several hundred paediatric outpatients 
who had been fasting between 6 and 17 h. None of these patients had hypo
glycemia. Therefore, in routine healthy patients who are well prepared (correct 
fasting time), it appears that there is no need for glucose in the intraoperative 
period, nor is there a need to monitor serum glucose in these patients. However, 
many authors still suggest using balanced fluids with low concentrations of glu
cose (from 1 % to 2.5%) during surgery to avoid any possible risk of intraopera
tive and postoperative hypoglycemia [12, 13]. The mild hyperglycemia created 
by these low glucose solutions does not seem to cause any harm and disappears 
at the end of the first hour [14]. 

Concerning high-risk patients, many authors suggest that these patients do run 
the danger of hypoglycemia during surgery. Therefore patients receiving hyperali
mentation or glucose solutions, neonates (especially those who are small for ges
tional age) infants of diabetic mothers, and children with heart disease should all 
have basal glucose infusions and their glucose carefully monitored during surgery. 

In conclusion, even though there is no evidence, as of yet of harm caused by 
hyperglycemia (cerebral ischemia) in children, glucose levels in the blood must 
be kept within a reasonable range and much attention must be given to neuro
surgical patients [15, 16]. 

Treatment of hypovolemia and blood loss 

Measurements of blood loss during massive hemorrhage are usually unreliable. 
More reliable are clinical signs, such as capillary refill, temperature gradient 
(i.e., between rectum and skin), urine output, central venous pressure, or dias
tolic blood pressure, as a guide for estimating blood loss and volume status. In 
small infants blood pressure is an excellent reflection of blood volume. The 
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Table 7. Blood volume in children 

Age 

Neonate 
3 months 
Adult 

Volume 
(mllkg) 

100 
80-85 

70 

hematocrit is not a good reflection of volume status intraoperatively. Normal 
blood volumes for children are shown in Table 7. 

Crystalloids or colloids 

Administration of crystalloids or colloids may be considered for intravascular 
volume replacement when losses are in form of exudate, transudate, blood, or 
third -space losses especially when these are rapid and ongoing. For each 100 ml 
crystalloid given the intravascular volume is expanded by about 30 ml while the 
interstitial fluid volume increases by 70 ml. To replace blood loss, therefore, crys
talloids need to be given in a volume of three times the measured blood lost. In 
contrast, colloids expand intravascular volume on a milliliter for milliliter basis 
and also have a much longer intravascular half-life. 

Blood transfusion 

The approach to blood replacement has changed greatly in past few years. The 
danger of blood-borne diseases, such as hepatitis and AIDS, has resulted in a 
much more balanced approach to the risk and benefits of blood transfusions. 
The concept of an acceptable hematocrit and a normal hematocrit can assist the 
clinician in determining both the adequate preparation of the patient as well as 
in recognizing an acceptable hematocrit in the intraoperative and postoperative 
period. Table 8 gives a list of normal and arbitrary acceptable hematocrits levels, 
where an acceptable level of hematocrit is defined as that tolerated by infants 
and children without the need for blood transfusion [10 J. 

Although healthy children, or those with chronic anemia, may tolerate low 
hematocrit values, this is not true in neonates, children with cardiac disease or 

Table 8. Indication for blood transfusion in children. (Modified from [10]) 

Normal hematocrit level Acceptable 
hematocrit level 

Premature 40-45 35 
Newborn 45-65 30-35 
3 months 30-42 25 
1 year 34-42 20-25 
6 years 35-43 20-25 
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chronic pulmonary disease, and children with multisystemic trauma, who may 
have coexisting hypovolemia. In these patients hematocrit levels must be kept 
between 33% and 35%. 

Postoperative fluids 

As for the intraoperative period, fluid intake and output should also be careful
ly charted in detail in the postoperative period and the volume and composi
tion of the fluid intake be titrated against losses and laboratory results. The use 
of hypotonic maintenance solution in the postoperative period is often cause of 
dilutional hyponatremia. Vomiting, the most common anaesthetic complica
tion, causes loss of fluid high in sodium. Vomiting, together with low losses of 
blood or interstitial fluids and the release of antidiuretic hormone to maintain 
volume can result in acute dilutional hyponatremia [17]. When the extracellu
lar fluid becomes hypotonic, water is transferred from the ECF to the ICF, re
sulting in cerebral edema (CNS irritability and depression, decreasing level of 
consciousness, disorientation, vomiting, and in severe cases, seizure activity). A 
very simple way to prevent acute dilutional hyponatremia is to maintain all 
children postoperatively on balanced salt solution until they begin to eat. After 
a minor surgical procedure, hunger more than thirst helps to indicate when al
imentation can be started (usually from the third hour after extraperitoneal 
procedures). 

After major surgical procedures, hourly urine output should be kept (0.5-1.0 
mllkg per hour) and daily weighing of the patient can help, together with a cen
tral venous line, in judging fluid balance. An arterial line can be useful for serial 
determination of blood pressure, serum tests, and blood gases. Gross abnormal
ities in plasma electrolytes should be corrected as shown in Table 9. 

Children are less able to withstand starvation than adults. The smaller the 
child, the shorter his energy store will last, as nutrients are not only required to 

Table 9. Correction of electrolytes abnormalities 

Abnormalities Calculation of deficit 

Low sodium Na desired - Na actual· kg . 0.6 

High sodium 

Low potassium K desired - K actual· kg . 0.3 

High potassium 

Intervention 

Slow correction (or diuretics if 
low sodium due to excess water) 

Restore intravascular volume and 
urine output; slow correction 

Slow correction with frequent 
checks and ECG monitoring; 
correct concurrent low chloride 

Stop K i.v.; monitor ECG; 
alkalinize, calcium, 
dextrose+insulin; ion 
exchange resin 
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meet basal needs but also for incorporation into growing tissues. Therefore, pro
vision of nutritional support after surgery is extremely important. Energy re
quirements for most patients may be calculated using the traditional mainte
nance water requirements (see previous paragraph "Basic fluid and electrolyte 
requirements") that derived from measurements of metabolic rate in normal 
children (Table 10). For short-term maintenance therapy in a previously well
nourished infant or child, however, a combination of some parenteral nutrition 
and the patient's own fat stores is adequate to prevent severe ketosis and tissue 
catabolism. This is accomplished by administering glucose equal to approximate 
20% of the total caloric expenditure. In a more severe condition, expecially in 
the undernourished child, nutritional therapy should provide the required calo
ries by parenteral or enteral administration of carbohydrate, fat, aminoacids, 
minerals, and vitamins. 

Factors that increase energy requirements are fever (12% per degree Celsius 
above 37°C), cardiac failure (15%-25%), major surgery (20%-30%), sepsis 
(40%-50%), burns (up to 100%). The neonate appears to be different from the 
older children with regard to the stress response: energy requirements in 
neonate-seem to return to normal within 12 h after surgery. 

It must be emphasized that these figures are only a general guideline: each 
critically ill patient must be assessed individually and his response to nutrition
al support should be constantly reassessed. 

Table 10. Caloric requirements for parenteral nutrition 

Weight 

1-10 kg 
10-20 kg 
>20 kg 

References 

Calories kcal/kglday 

100-120 
1 000+50 kcalfor each kg> 10 
1 500+20 kcal for each kg> 20 or 
1500-1700 kcal/m2/day 
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Chapter 6 

Outpatient surgery in paediatric patients 

P.A. LONNQVIST 

As with spinal anaesthesia, outpatient surgery in paediatric patients has been 
practiced since the start of this century. It constituted a substantial part of 
paediatric anaesthesia even before the days of health care budget cuts, due 
both to the fact that most paediatric surgical procedures can be regarded as 
minor surgery and thus are well suited to be performed on an outpatient ba
sis and also because of the psychological advantages for the child and parents 
when hospitalization can be avoided. Currently, outpatient surgery is very 
much "en vogue" mainly for financial reasons and more and sicker patients 
are now being treated as day cases. Although oupatient vs inpatient surgery 
represents true savings for the health care system and is also frequently 
viewed as an improvement by the patient, anaesthesiologists have to be very 
professional and careful not to be pressured into performing anaesthesia in 
patients that are not suitable as outpatients. The occasional complication that 
might occur due to the lack of postoperative supervision can dramatically af
fect the economic aspects of day care and, thus, quality control is essential. In 
the presently changing medicolegal climate one should also be very careful 
with the selection of patients that are to undergo outpatient surgery. 

Here some important aspects of outpatient surgery and anaesthesia in 
paediatric patients are discussed. The texts by Morton and Lord [1] and 
Hannallah and Epstein [2] are recommended for more in-depth reviews of 
this topic. 

Selection of patients 

In numbers and costs, paediatric surgery generally make up a minor part of 
the total cost for surgery (adults and children combined). Thus, very little 
can be gained by trying to "squeeze" marginal paediatric cases into day care. 
As professionals we should therefore resist attempts to put less fit paediatric 
patients on the outpatient surgical list, both due to medical considerations 
and the relative lack of savings in a wider perspective. The author, thus, rec
ommends a restrictive attitude towards an "it can be done" attitude by sur
geons and hospital administrators. 

Although there is currently no general consensus about patient selection 
some factors might merit more specific considerations. 
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Age 

In Europe many hospitals do not accept children under 6 months of age for 
anaesthesia and surgery on an outpatient basis. This is considered to be too con
servative by some physicians, especially American colleagues who are under 
pressure from insurance companies, but taking the numerically small number of 
such patients into consideration as well as the often relatively high anxiety of the 
parents to shoulder the postoperative responsibility following day surgery per
formed on their small babies, the author believes the 6-month limit to be a very 
good general principle. However, exceptions to this rule can obviou'sly be made 
especially for very brief procedures or for anaesthesia/deep sedation in connec
tion with radiographic examinations in children older than 1 month. In the au
thor's personal opinion there is no place for outpatient care for neonatal patients 
for whatever reason. 

A specific problem in this respect is the ex-premature NICU graduate. A lot of 
these patients will be disqualified due to various sequelae of their prematurity 
and neonatal intensive care, i.e., chronic lung disease/bronchopulmonary dys
plasia or reactive airway disease. However, even patients who have had a fairly 
uneventful neonatal period will still be at risk for postoperative apnea for a pro
longed period of time. After 60 gestational weeks (g.w.) the risk for postopera
tive apnea is only slightly less than 5%, a figure that obviously is absolutely un
acceptable [3,4]. Even after 60 g.w. a residual risk for apnea must exist, especial
ly in the presence of concomitant anemia or hypoxic episodes. Thus, in the au
thor's practice ex-premature «36 g.w.) children are not accepted for outpatient 
surgery for the first 12 months of postnatal life. 

Physical condition 

The patients should be otherwise healthy or any chronic disease should be under 
asymptomatic control. Thus, the rule must be that only ASA (American Society 
of Anaesthesiologists) 1-2 patients should be accepted for ambulatory surgery. 
An exception to this rule might be patients who are only scheduled for radi
ographic examinations, i.e., CT or MRI scans. Children with obstructive apnea 
represent a group of patients that deserves special attention in this regard. Ob
structive apnea is most often due to adenotonsillary hypertrophy but is also as
sociated with certain craniofacial abnormalities. The prevalence is equal in boys 
and girls and the highest incidence is in the 3 to 7-year age group. Overall the in
cidence is approximately 1.5%-3.5 % in the paediatric population. Such patients 
not only have problems with upper airway patency but can also have other sys
temic symptoms, i.e., poor weight gain, hypertension, and right ventricular 
strain [5]. If these patients present for adenotonsillectomy, it is apparent to the 
anaesthesiologist that the patient should be admitted to the hospital for postop
erative care. However, if the patient is scheduled for some other type of surgery, 
this syndrome can easily be missed and the patient can then accidentally be ac
cepted for outpatient surgery. Since these patients have a very high incidence of 
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postoperative complications, it is vital that the preoperative screening proce
dure picks up patients with this syndrome so that they can be properly canceled 
and re-scheduled. 

ENT patients 

Most ENT procedures, i.e., otologic examination, bilateral myringotomy and tube 
placement, and adenoid-ectomy, can be performed on an outpatient basis. How
ever, controversy exists regarding whether paediatric tonsillectomies can also safe
ly be done in outpatients. The risk for significant, unnoticed postoperative bleed
ing is a serious and not infrequent phenomenon in these patients. Parents are not 
qualified to check for this complication and it is, thus, not reasonable to put the re
sponsibility on them for this demanding task. Centers where, despite this, tonsil
lectomies are performed on an outpatient basis are under the obligation to devel
op a very high quality protocol in order to prevent disastrous complication from 
occurring following early discharge. A better option for this patient category is to 
treat them on an "overnight" basis. In this context one should also appreciate the 
substantial risks of using nonsteroidal anti-inflammatory drugs (NSAIDs) or po
tent antiemetics in tonsillectomy patients. NSAIDs increase the risk for postoper
ative bleeding and anti-emetics, i.e., ondansetron, may effectively mask nausea 
and vomiting caused by swallowing of significant amounts of blood. 

Premedication 

With newer anaesthetics, better patient/parent information, better mental 
preparation, and parental presence at induction it can be argued whether rou
tine premedication still has a place in paediatric outpatient anaesthesia. The 
availability of high-quality local anaesthetics, i.e., EMLA and AMETOP, which 
allow almost pain-free venous cannulation also reduces the need for premedica
tion. Avoiding a drug associated with potential unwanted side effects - i.e., opi
oids: postoperative nausea and vomiting (PONV), and midazolam: postopera
tive confusion and long-term adverse behavioral changes [6]- can obviously be 
beneficial for the patient. However, not to give premedication just to avoid post
operative sedation and to get the patient alert quickly and "street fit" so that he 
can be rapidly discharged is not really valid in paediatric patients. This is a good 
example of when one cannot directly transpose adult experiences and practices 
to the paediatric setting. First, paediatric patients, by definition, always have a 
parent or guardian present. A child with slight but prolonged residual sedation is 
often preferred by the parents since this will increase the ease of home transport 
and also the handling of the child once back home. Second, the lack of such 
residual sedation in combination with high-quality pain relief achieved by a pe
ripheral regional block, for example, makes it very difficult for an unauthorita
tive parent to restrict the mobility of very active children. At our institution we 
have had two such outpatients. Inguinal hernia repair was performed in these 



54 P.A. Lonnqvist 

children, who where then re-admitted to the emergency room on the same 
evening because of significant scrotal hematoma from riding a bicycle and frank 
wound rupture after jumping and playing in a "pool of balls"! Slight residual 
postoperative sedation can, thus, in fact be viewed as a beneficial effect of pre
medication. In the author's experience clonidine, an <Xz agonist which can be de
livered by the oral, rectal or intravenous route, is an attractive and inexpensive 
premedication in the setting of paediatric outpatient surgery. It reduces the need 
for general anaesthetics, potentiates analgesia, and provides a suitable degree of 
residual sedation for the afternoon and early evening of the day of surgery. 

Drugs/techniques 

Short -acting anaesthetic agents are preferable although older drugs such as 
halothane and thiopental should still be regarded as acceptable options for out
patient anaesthesia. Sevoflurane is a very useful drug in oupatients for a number 
of reasons. One of its major merits is the possibility to use it as a "single agent". 
Thus, induction, maintenance and, if necessary, endotracheal intubation can be 
performed with the use of only sevoflurane. The "single-agent" technique re
stricts the number of drugs to which the patient is exposed and limits the possi
bility for unknown and unwanted interactions of multiple drugs. With sevoflu
rane there have been reports of an increased incidence of agitation/confusion in 
the recovery room following anaesthesia and this should be taken into consider
ation (7). This can be explained in part by insufficient analgesia since the recov
ery is very rapid after sevoflurane anaesthesia. Thus, good quality analgesia re
duces the problem. It also appears as if the choice of premedication might have 
an affect. At our department early postoperative agitation/confusion is rarely 
observed after premedication with morphine or clonidine whereas it is not in
frequently experienced following premedication with midazolam. If the anaes
thesiologist is planning to use sevoflurane, the author recommends that the pa
tient not be premedicated with midazolam but with another agent instead if in
deed premedication is required. If intravenous induction is preferred by the pa
tient or the anaesthesiologist, propofol is a good alternative. The only major 
drawback with propofol is that it frequently produces pain or discomfort on in
jection even if premixed with lidocaine. Propofol can also be used for mainte
nance as a part of a total intravenous technique but then requires the addition of 
some analgesic drug and if paralysis is necessary a muscle relaxant as well. 

Regardless of the anaesthetic technique chosen, a very useful option is to use 
some local anaesthetic technique as an analgesic complement. This assures ex
cellent intra- and postoperative analgesia and allows the use of a very light gen
eral anaesthetic, resulting in both a reduction of volatile or intravenous agent 
used (reduction of cost) and rapid recovery (increasing turnover). Peripheral 
nerve blocks (i.e., ilioinguinal, penile, various lower limb blocks) or local infil
tration oflocal anaesthetics in the surgical wound might be preferable but cau
dal blocks can also be used successfully in subumbilical surgery. 

Kokki and co-workers have recently described the use of bupivacaine spinal 
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anaesthesia complemented by intravenous sedation for outpatient surgery in 
children. They report a very high success rate, no apparent delay in discharge, 
and a very low incidence of postdural puncture headache [8, 9]. Our own group 
has demonstrated better immediate postoperative pain relief with this technique 
than with sevoflurane alone and we also found similar discharge times in the 
two groups of patients, underscoring the much shorter duration ofbupivacaine 
spinal anaesthesia in children than in adults [10]. Spinal anaesthesia comple
mented by intravenous sedation might, thus, be an interesting alternative to ex
plore further in patients who are scheduled for subumbilical surgery. 

Postoperative pain control 

Adequate pain control is of paramount importance following any type of paedi
atric surgery. Lack of proper pain relief is maybe most problematic in outpa
tients since postoperative pain can cause PONY, may delay discharge, and can 
cause substantial suffering following the return home. The best way of handling 
this problem is to try to prevent pain by administering analgesics or by per
forming a nerve block (see discussion above) prior to the surgical intervention. 
Administration of paracetamol either orally as part of the premedication or rec
tally immediately following anaesthetic induction is now widely practiced. Re
cent publications indicate that previous dosage regimens have been too conser
vative and that an initial dose of 40 mg/kg of paracetamol is more effective with
out causing any pharmacokinetic concerns [11, 12]. Diclofenac (0.5-1 mg/kg) or 
other NSAIDs can also be useful in this regard and might be preferable to parac
etamol for orthopedic surgery. Intravenous low-dose ketorolac (0.15 mg/kg) has 
also been found to be very useful in outpatients in the author's personal experi
ence. If more severe pain is anticipated, a combination of paracetamol and 
codeine can be an effective alternative. Occasionally the intraoperative use of 
opioids might be indicated, in which case short-acting agents, i.e., alfentanil, 
might be preferable to the longer-acting agents. However, it is important to keep 
in mind the substantial emetic potential associated with the use of opioids. At 
our institution the incidence of postoperative vomiting was reduced from 25% 
to 10% when morphine was replaced by nonopioids in the premedication. Thus, 
opioids should not be a routine part of outpatient anaesthesia. 

It is also important to instruct the parents how to handle the potential pain 
problem once they are home. Additional doses of paracetamol (immediately 
on arrival at home and also before bedtime) is usually satisfactory and better 
than on-demand administration. Parents should, however, be informed not to 
exceed 100-120 mg/kg of paracetamol during the first 24 h, including the dos
es given during the hospital stay, in order to avoid potential toxicity problems. 
If more severe pain can be expected the parents should be supplied with parac
etamol-codeine suppositories to help the child during the evening and night 
after surgery. If pain still persists despite adequate administration of analgesics, 
the parents should be informed to contact the hospital for further advice since 
more severe pain might be a sign of a significant postoperative complication. 
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Postoperative nausea and vomiting (PONY) 

This most distressing postoperative complication has received considerable at
tention in recent years. Apart from causing the patient substantial discomfort, 
PONV delays discharge from the day surgery unit [13] and is one of the most 
frequent causes of unexpected hospitalization following outpatient surgery [14]. 
The overall incidence of PONY is high in paediatric patients (25%-80%) [15]. 
In children under 2 years of age PONV appears to be a much less of a problem 
than in older children [16]. Certain types of surgery are associated with a very 
high incidence of PONV, i.e., strabismus surgery, tonsillectomies, and correc
tion of prominent ears [15]. According to the quality assurance program at our 
outpatient surgical unit, parents conceive PONV to be a much greater problem 
than postoperative pain. Thus, in order to achieve a successful outpatient pro
gram one needs to develop an anaesthetic and postoperative protocol that will 
minimize the incidence of PONY and treat more significant or prolonged 
PONY reactions. Kokki and co-workers have reported a PONY incidence of 
<10% in a mixed outpatient population following spinal anaesthesia combined 
with intravenous sedation [8, 9]. Spinal anaesthesia or other regional techniques 
combined with intravenous sedation with propofol might, thus, be an attractive 
alternative in this context. Regarding the choice of other anaesthetics, no firm 
recommendations can be made apart from restrictivity concerning the adminis
tration of opioids [15]. A nitrous oxide-free anaesthetic based on propofol 
and/or sevoflurane combined with regional anaesthesia might, in the author's 
opinion, be worth considering over other techniques. The issue of PONV pro
phylaxis has not yet been Clarified but it appears reasonable to give prophylaxis 
to patients who previously have had problems with PONV and to patients who 
are scheduled for surgery associated with a high incidence of PONV. A number 
of drugs have been tested and recommended as prophylaxis, making it difficult 
to give any more firm recommendations. However, a large (>2 000 patients) 
prospective, randomized, double-blind study in adults recently found low-dose 
droperidol to be as effective as ondansetron in preventing PONY [17]. Whether 
this is also true in children remains to be confirmed. For treatment of already es
tablished PONY, low-dose droperidol appears to be as effective as to the newer 
agents, i.e., ondansetron. Considering the high price of ondansetron, droperidol 
still appears to be defending its place as a first-line drug for the treatment of al
ready established PONV. 

Follow-up/Audit 

As pointed out at the beginning of this text, follow-up and quality assurance are 
fundamental in the context of outpatient surgery. It is vital that various prob
lems are identified that may arise from drifts in clinical practice or as a result of 
changes in the unit's protocol in order to prevent more serious complications 
from occurring. Follow-up is also greatly appreciated by the parents and is a very 
easy way of promoting goodwill for the unit and the hospital. Thus, it is recom-
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mended to phone all patients on the day after discharge in order to identify any 
problems, to answer any questions, and to get an idea of the parent's overall sat
isfaction. Medical audit is also very useful for obtaining outside views on the 
unit's organization and the different protocols. Audits represent a good oppor
tunity to improve the quality and safety of the outpatient surgery program and 
networks between hospitals with similar patient populations and a general or
ganization should be established to increase the possibility of such audits. 

In conclusion, paediatric outpatient surgery can be very rewarding both from 
the patient's and from an economical point of view. However, in order to harvest 
these benefits from paediatric outpatient surgery one has to very careful not to 
be pressured into accepting unsuitable patients and also to pay meticulous at
tention to all the details from start to finish. Awareness of the necessity for fol
low-up and audit of the program is also fundamental to a successful outpatient 
practice. 
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Chapter 7 

Locoregional anaesthesia in paediatrics 

P. BUSONI, M. CALAMANDREI 

The risks and complications related to regional anaesthesia in paediatrics in
clude inadvertent dural puncture, total spinal block, toxic phenomena, and in
fections. However, proper pain management is important in the care of a child 
after surgery. It allows the patient to breathe deeply and walk earlier, it decreas
es the magnitude of the postoperative stress response, and it improves the over
all quality of patient care. Multiple modalities exist for administering medica
tions to such children, including intramuscular, intravenous, patient-controlled 
analgesia, and epidural, spinal, and nerve blocks. 

Paediatric patients often are very sensitive to the respiratory depressive effects 
of agents used for analgesia and sedation. These should be used with particular 
caution in non intubated infants under 3-6 months of age, patients with haemo
dynamic or airway instability, patients with evolving neurologic conditions, or 
patients with altered ventilatory control. In the patient with pain, however, in 
whom sedation is contraindicated, regional anaesthesia offers analgesia without 
the concern of masking an evolving neurologic examination. 

The severely injured child becomes chemically dependent when receiving 
continuous infusion of opioids or benzodiazepines. The stress response associ
ated with withdrawal can have adverse effects, including increased catabolism 
and poor wound healing. Regional anaesthesia may be effective when parenter
al narcotics are inadequate or lead to undesired effects. 

Peripheral blocks 

Subcutaneous infiltration of the skin with a local anaesthetic solution is the 
most commonly used technique of administering a local anaesthetic in children 
[1]. However, local anaesthetic infiltration of traumatic lacerations requires spe
cial attention. Commonly, the wound is dirty and requires extensive scrubbing 
and irrigation. Our practice is to apply the local anaesthetic topically, using sim
ple wound irrigation with 1 % lidocaine. Alternatively, the peripheral nerve sup
plying the injured area may be blocked more proximally. 

Because local anaesthetics are manufactured at a pH of 4-5 and are adminis
tered by injections, they are as painful as bee stings (pH 1.5-3). The pain oflocal 
anaesthetic injections can be minimized by using buffered anaesthetic solutions. 
Local anaesthetics are not manufactured with buffer because the buffering af-
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fects the shelf-life of the drug. Buffering a local anaesthetic solution, such as li
docaine, with sodium bicarbonate (9 ml of lidocaine combined with 1 ml of 1 
mEq/ml bicarbonate) immediately before administration may make the injection 
painless and hasten the onset of analgesia. 

Bier block, a technique of i.v. regional anaesthesia using low-dose lidocaine (1.5 
mg/kg) has been demonstrated to be safe and efficacious for the management of 
children's upper-extremity fractures and dislocations [2]. Trauma or operations of 
the upper extremity can also be managed with techniques such as interscalene, in
fraclavicular, and axillary blocks performed by bolus or infusion. Possible compli
cations and side effects associated with regional anaesthetic techniques of the upper 
extremity include total spinal, pneumothorax, Horner's syndrome, hemidiaphrag
matis paralysis, neuropraxia, seizures, and pleural effusion. Some of these compli
cations can cause the patients to develop pulmonary insufficiency or can result in 
neurologic alterations. 

Many patients with lower-extremity trauma, especially those with sharp femoral 
fractures, may benefit from a femoral nerve block prior to being moved from their 
hospital bed to the operating table, since they are in excruciating pain any time mo
tion occurs. In fact, some traumatologists administer low-dose femoral nerve 
blocks in the field to provide pain relief prior to painful movement. Although many 
lower-extremity procedures can be performed with combined femoral-sciatic and 
lateral femoral cutaneous nerve block, with the sciatic nerve block performed with 
the hip flexed and the knee flexed at 90°, a patient with an open tibula or fibular 
fracture will not be able to move his or her leg into this position without extreme 
pain. These children present the ideal situation for a sciatic block via the anterior 
approach [3]. This can be accomplished with the nerve stimulator technique. The 
anatomic landmarks are the anterior superior iliac spine, the pubic tubercle, and 
the great trochanter. A line is drawn between the anterior superior iliac spine and 
the pubic tubercle. This line is divided into thirds. A second line is drawn parallel to 
the first, passing through the greater trochanter. At the junction of the middle and 
medial thirds of the first line, a perpendicular line is drawn until it crosses the sec
ond line. This is the entry point for the insulated needle and identifies the surface 
marking for the point at which the sciatic nerve courses into the lower extremity. 
This is also the level of the lesser trochanter of the femur. An insulated needle is in
serted perpendicular to the skin and advanced while twitches are sought in the 
lower leg. If the lesser trochanter is encountered, the needle is moved slightly medi
al and then advanced further. Once adequate twitches are obtained at a low rate (0.1 
to 0.4 rnA) and aspiration is negative, medication can be injected with intermittent 
aspiration to obtain adequate nerve block. A lateral femoral cutaneous nerve block 
can also be performed to ensure analgesia to the entire lower extremity, having al
ready performed the femoral nerve block prior to moving the child. A simple tech
nique to provide continuous femoral nerve block can be employed in some cir
cumstances [4]. 

A Tuohy needle can be passed through the fascia lata and then the fascia iliaca, 
immediately lateral to the femoral artery distal to the inguinal ligament. If the nee
dle is inserted too deeply it enters the iliopsoas muscle, giving a characteristic 
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"woody" feeling. Easy passage of the catheter 5-8 cm cephalad confirms correct po
sitioning. A nerve stimulator is not required. An infusion of bupivacaine 0.125% at 
a rate of 0.3 mllkg/per hour controlled by a volumetric infusion pump is appropri
ate for an average of 3-5 days pain control. Local infection at the site of the catheter 
insertion could present a possible complication. It is also worth noting that one 
must be careful about applying limb tourniquets in patients who have suffered 
head trauma, since tourniquet use can increase intracranial pressure. 

Pain therapy for rib fractures includes intercostal and interpleural blocks. Inter
costal nerve blocks result in the highest local anaesthetic blood level. Interpleural 
analgesia is administered by inserting a Tuohy needle into the pleural space 5-8 cm 
from the spinous process. The hanging drop technique is used. When the needle is 
moved between the parietal and visceral pleura, the drop is aspirated, indicating the 
correct positioning. A single dose of local anaesthetic can be administered or a 
catheter placed. Advancing the needle further can result in pneumothorax. Local 
anaesthetic administered at this level can track cephalad and result in hemidi
aphragmatic paralysis as well as Horner's syndrome. 

Peripheral blocks for common paediatric operations 

Circumcision is probably the most common operation carried out in the paediatric 
population. After a light general anaesthesia is induced, local anaesthetic is infil
trated subcutaneously in a ring at the base of the penis in a volume sufficient to 
produce an obvious weal. This subcutaneous ring technique is easy and effective 
and probably the safest. Other techniques which require a deeper insertion of the 
needle could cause bleeding, usually from the dorsal vascular structures. A 
hematoma confined within the penile fascia may compress the arterial supply to 
the penis and cause gangrene. This block is also useful for distal hypospadias repair. 

The combined ilioinguinal and iliohypogastric nerve block (inguinal field block) 
is one of the most useful and commonly performed blocks in paediatric anaesthe
sia. Herniotomy and orchidopexy are the main indications. Only the cutaneous in
nervation is blocked and, therefore, supplementary general anaesthesia is required. 
The needle is inserted one (child's) fingerbreadth medial to the anterior superior il
iac spine and directed posterolaterally until it strikes bone. It is then withdrawn 
slightly and the injection made as the needle is withdrawn to a subcutaneous posi
tion. The needle is then reinserted through the external oblique aponeurosis (a 
"click" should be felt) and further solution injected both above and below the 
aponeurosis as the needle is withdrawn. Dosages of bupivacaine 0.5% without ep
inephrine range between 2 and 10 ml according to age and body weight. 

Central (perimedullar) blocks 

In performing central blocks in children there are several anatomic peculiarities 
to be borne in mind: 
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- in early postnatal life, the sacrum consists of five distinct vertebrae. As ossifi
cation proceeds, fusion occurs between the sacral segments, beginning with 
the two lowest about the age of 18 years, and extending cephalad until the 
process is complete between the 25th and 30th years of life; 

- the spinous processes of the sacral vertebrae are rudimentary; 
- the L5-S1 interspace is the largest in the vertebral column; 
- in children, the sacral angle is open widely; 
- special fluidity of the epidural fat tissue; 
- the intercristal line crosses the midline at the level of the fifth lumbar vertebra 

in children, and even lower, at the L5-S1 interspace, in neonates. 
Continuous technique is based on the introduction of a catheter into the 

epidural space. A convenient approach is one that allows the catheter tip to run 
parallel to the dura (i.e. caudal and Taylor approach, lumbar epidural parame
dian approach, etc.). The distal opening of the catheter inside the epidural space 
should be facing upward. It is well known that, in children, a catheter can be 
made to run upward (or downward) as desired due to the particular dimension 
of the epidural space, i.e. not as large as in adults. Therefore, catheters cannot 
bend or curl up, but they are forced to run upward instead. 

A catheter passed into the epidural space by the caudal route can reach almost 
any level [5]. This is almost always true for the newborn and small infants up to 
about 6 kg. In older children, catheters are often arrested at L2-L3, L3-L4 or 
even L4-L5. Indications are prolonged operation on the limbs, external genitalia, 
and lower abdomen. Muscle relaxants can often be avoided and the postopera
tive period is favorable. Children are often impressively calm, opiates are unnec
essary, and the incidence of nausea, vomiting, and urinary retention is therefore 
greatly reduced. 
- Dosage. A dose of 1.5% mepivacaine (or 1.5% lidocaine or 0.5% bupivacaine) 

in plain solution 0.1 x n.dermatomes x years of age is given. Top-up dosages 
comprise one half the initial dosage. 

- Technique. The child is turned into the lateral position, legs flexed. An intra
venous cannula is inserted through the sacrococcygeal ligament as for the 
single-shot technique. The complete cannula is advanced 1 cm into the sacral 
canal and then the metal stylet withdrawn and the plastic sheat advanced an 
additional 1 cm. This allows the epidural catheter to pass more easily. An 
epidural catheter is measured against the back of the child from the end of the 
cannula to the desired spinal level. The catheter is then inserted through the 
plastic cannula and carefully advanced. The catheter can usually be advanced 
easily as far as the lumbar region. However, in premature babies, neonates, 
and small children, the catheter may reach the upper lumbar and even the 
thoracic or cervical regions. 
In a study of 30 children, aged 1-12 years, the authors measured the length of 

catheters in the epidural space from the tip to the skin insertion. In only one case 
did the catheter reach as high as T6, and usually it was arrested at levels between 
TI2 and L5. Thus, the height to which a catheter can be threaded in the inside of 
the epidural space depends on the age of the child. An advantage of the caudal 
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route for epidural anaesthesia is that large-gauge catheters can be inserted even 
in the youngest children. 

In older children, of course, the epidural space can easily be catheterized 
through the lumbar interspaces. If this is the case, it is suggested that a para
median approach be used in order to incline the needle as appropriate. In fact, 
the inclined needle offers the rounded part of its tip to the dura, thus making 
any perforation more difficult. Additionally, any upward progression of the 
catheter inside the epidural space is easier as it is made to run parallel to the 
dura. 

In children, a downward direction of the catheter is possible as well. In fact, at 
a sacral level, due to the rudimentary spinous processes, the needle can be in
clined downward [61.This downward inclination is also possible at the L5-S1 in
terspace, due to the large intervertebral space, and at a lumbar level as well, pro
vided a paramedian approach is used. 

Any inclination of the needle, upward or downward, is therefore possible in 
children and thus the subsequently introduced catheter will follow a downward 
or an upward direction accordingly. If the catheter has been threaded easily 
(without meeting any important resistance) and if there is no resistance to in
jection, it can be confidently assumed that the catheter is well positioned in the 
epidural space, that is, without any kink and with the tip-opening facing cepha
lad or caudad. Every effort should be made to achieve this position(s), as only 
then will the desired level of anaesthesia be obtained with the minimum volume 
of local anaesthetic. The size of the catheter should be large enough to allow the 
drug to be injected at a rate of 0.5-0.7 mlls. If the rate is slower, larger doses of 
drug will be probably required to achieve the desired levels of anaesthesia. 
Dosages are shown in Table 1. 

Top-up injections are required soon after the first hour when 1.5% mepiva
caine is used. Half of the initial dose can be given and repeated hourly. In the 
postoperative period continuous infusion through the catheter is obviously pos
sible epidural patient-controlled analgesia (EPCA) (Table 2). 

Table 1. Dosing guideline for regional blockade 

Doses 

Single dose (mglkg) 
• Without epinephrine 
• With epinephrine 

Prolonged infusion (mglkglh) 
• Older infants and children 
• Neonates 

Mepivacaine 

5 
7 

1.5-2 
1 

Bupivacaine 

2-2.5 
2-2.5 

0.4 
0.2 
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Table 2. Epidural patient-controlled analgesia (EPCA): dosage guidelines (morphine 0.02%) 

EPCAdoses Basal rate Lockout 

1.25 flg/kg/hr 15 flg/kg/hr 15 min 

In conclusion, caudal or lumbar epidural blocks are safe and advantageous. How
ever, it is evident that: 
1. children must be selected carefully; preoperative evaluation must be thorough, 

and coagulopathies and dehydration must be corrected; 
2. the anaesthetist must be experienced and fully trained in regional block tech

nique in children; 
3. close monitoring of the pupils, heart rate, blood pressure, and respiration is es

sential. 
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Chapter 8 

Complications of regional analgesia 
in paediatric anaesthesia 

A.R.WOLF 

In recent years regional analgesia has become popular in paediatric anaesthetic 
practice. This enthusiasm for regional analgesia is due at least in part to the po
tential to deliver complete analgesia without major systemic side effects. Many of 
the techniques, such as caudal block, are simple to perform and their benefits are 
immediately obvious to clinicians, parents and patients. Critical evaluation has 
confirmed the practical advantages of regional analgesia over other techniques 
in the appropriate settings, but has also highlighted side-effects, disadvantages 
and risks [1-4). Regional anaesthesia generally necessitates an additional invasive 
procedure, and this additional risk, however small, must be justified through the 
delivery of proven benefits [5). It is therefore necessary to have a clear under
standing of risk and benefit before looking at the complications of regional 
anaesthesia in more specific situations. 

Risk and benefit 

Assessment of risk and benefit have remarkable similarities when viewed 
schematically (Fig. 1). 

A + Increased survival 

B+ Major reduction in 
morbidity 

c+ Measurable 
difference in organ 
performance 
Improved 
analgesia 

D+ Minor chemical! 
observational 
differences 

BENEFIT 

Fig. l. Stratification of risk and benefit 

RISK 

D- Incidental side
effects 

C- Minor 
complications 
Failure of 
Analgesia 

B- Major 
complications 
effecting future life 

A- Death 
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The ultimate benefit (A+) is one where the frequency of survival is increased 
by using that technique, whereas the ultimate risk (A-) can be assessed by the 
frequency of mortality. Benefits can also be stratified under the headings of: B+, 
major reduction in morbidity (length of intensive care unit (ITU) stay, time on 
the ventilator, length of hospital stay and frequency of life-threatening compli
cations); C+, measurable improvement in organ performance or quality of anal
gesia; and D+, minor chemical or observational differences that have no impact 
on morbidity. 

Risks can be stratified under the headings of: B-, major complications affect
ing future life (i.e., tetraplegia, epidural abscess etc.); C-, minor complications of 
the technique that have no long-lasting effects (dural tap, haem atom a, failure of 
the technique etc.), and D-, incidental variations or side effects compared to 
other techniques (vomiting, numbness etc.). 

While minor risks and benefits (groups C and D) have a higher incidence and 
are easier to measure, it is the life-threatening and major risks and benefits 
(groups A and B) that are of most importance. The retrospective report in 1995 
on accidents following paediatric extradural analgesia in which five cases of se
vere neurological damage occurred (two in 10 000) is clearly of concern in this 
respect [3]. While central blocks are rarely associated life death or severe 
mishaps (group A and B critical events), it is disturbing that human error or use 
of inappropriate equipment account for more than half the minor complica
tions reported [4]. 

Categories of complications from regional analgesia 

It is often assumed that a complication from regional analgesia represents a fail
ure of care or of technique, but this is not usually the case. It has to be accepted 
that invasive procedures carry a finite risk, but familiarity with the technique 
and being aware of the most common pitfalls can help to minimise the risk. 
However, some categories of complications are avoidable by taking appropriate 
precautions and failure to take these steps could be regarded as negligent. For ex
ample, failure to insert an intravenous cannula prior to performance of a local 
block could be regarded as adding an unnecessary hazard to a procedure. If that 
child subsequently has a cardiovascular collapse following the block and no vas
cular access is available, the complications are likely to be more severe. Therefore 
all the categories of complications listed below can be regarded as either accept
able or unacceptable. 
- Acceptable complications: 

• consequences of a properly performed block: for example, the onset of 
pneumothorax after a regional blockade or dural tap during an epidural or 
caudal injection. 

- Unacceptable complications: 
• unforced errors due to inadequate knowledge or faulty technique: for ex

ample, failing to check the contents of the ampoule about to be injected, or 
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failing to be aware of the major effects of the particular block, or not know
ing how to treat them; 

• failure to provide a safe environment for regional blockade: for example, 
opioid epidural infusions have a potential to cause major ventilatory de
pression. While this represents an acceptable complication of regional 
blockade, failure to provide adequate monitoring both in terms of person
nel and equipment is dangerous. An adverse event under these circum
stances is unacceptable. 
With these subclassifications in mind, complications can be categorised un
der the hereunder headings. 

Complications due to the administration of the local block. 
There is a finite risk of complications from local or general effects of the block. 
The risks of these can be reduced by experience [4], the use of appropriate 
equipment and safe technique [6]. 
- Local: 

• damage to nerves or blood vessels; 
• focal neurological events such as temporary blindness after a stellate gan

glion block or apnoea after caudal block; 
• regional effects such as Horner's syndrome after stellate ganglion block; 
• undesired nerve block such as an additional femoral nerve block after il

ioinguinal/iliohypogastric nerve block. 
General: 
• unexpected high block, hypotension, ventilatory failure, urinary retention, 

vomiting, etc. 
- Technical: 

• incorrect placement: total spinal anaesthesia, intravascular injection or sub-
dural injection. 

Complications due to the analgesic agent. 
These include the known effects of agents such as hypotension from local anaes
thetics or ventilatory depression from opioids. It also includes unforced errors 
such as unsafe technique for injection [6] or injection of the wrong solution or 
of the incorrect amount of solution. 
- Local: 

• local toxicity of the agent. 
- General: 

• systemic drug absorption of local anaesthetics: hypotension, cardiotoxicity; 
• systemic drug absorption of opioids: ventilatory depression. 

- Allergies. 
- Methaemaglobinaemia. 
Complications due to the equipment. 
- Catheter migration, blockage, knotting, etc. 
- Infusion pump error or failure. 
Failure of the block. 
- Partial failure. 
- Total failure. 
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Perioperative complications. 
- Ventilatory failure during epidural infusion. 
- Epidural haematoma or epidural abscess. 

Pressure sores due to numbness. 
Delayed recovery after block. 

Long-term complications. 
- Backache, dermoid cyst, failure of repeat epidural. 

How safe is paediatric regional anaesthesia? 

Given the large potential for complications in paediatric regional anaesthesia, 
how safe is it? In the ADARPEF study [4] it was found that of the 24 409 cases 
involved, there were only 23 critical incidents reported. None of these included 
death or major neurological sequelae (Table O. 

Complications reported included dural penetration (eight cases), intravas
cular injection (six cases), technical problems, apnoea, cardiac arrhythmia and 
transient neurological sequelae. The major conclusions from this study was 
that. 
1. Peripheral blocks are very safe and may be preferred to central blockade if fea

sible [5] They appear, from the literature, to be underused and undervalued. 
Given their safety profile they should be used more often. 

2. Caudal blocks are safe but the potential for disaster is always present [3]. 
This central block should be treated with great care despite the routine na
ture of the procedure. Simple precautions such as sterility, confirming safe 
placement before injection, slow injection and avoiding air injection are 
mandatory. 

3. The low incidence of complications in the youngest age group may reflect 
that only the most experienced paediatric anaesthetists are involved in these 
cases. 

4. Similarly, the absence of complications in the patients receiving thoracic 
epidurals compared with those receiving lumbar epidurals may also be due 
in part to the experience of the anaesthetists involved in those procedures. 

Table 1. Incidence of complications from regional anaesthesia 

Type of anaesthesia Cases (%) Complications 

Total regional!local cases 24409 0.9/1 000 
Total central blocks IS 013 (61.5) 1.511 000 
Caudal epidural 12 III (49.6) 0.711 000 
Lumbar epidurals I 732 (7.1) 3.7/1 000 
Thoracic epidurals 135 (0.6) 0 
Spinals 506(2.1) 2.0/1 000 
Peripheral blocks 4090 (16.8) 0 
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This aspect is highlighted in the British National Confidential enquiry into 
postoperative deaths [7], which showed that, although general anaesthesia is 
relatively safe (0.9/10 000 deaths exclusively related to general anaesthesia), 
several deaths in infants undergoing minor surgery occurred which had been 
managed by anaesthetists not used to providing routine anaesthesia in paedi
atric patients 
The ADARPEF study also reported 11 cases of improper equipment being 
used and two cases of overdose of local anaesthetic. They concluded that the 
incidents would not have occurred had the appropriate guidelines been ad
hered to. In a separate Australian study on complications of regional anaes
thesia [8], of the 160 complications examined, the commonest problem was 
cardiovascular incidents, but there were 24 drug errors, including the wrong 
drug (ten cases) or an inappropriate drug (four cases) being delivered. Clear
ly, it is the avoidable or unacceptable complications that need to be eliminat
ed from paediatric practice while at the same time striving to reduce the inci
dence and treating the consequences of unavoidable or acceptable complica
tions. 

Risk/benefit ratio for some individual procedures 

Given the published data on risks of regional analgesia, it is necessary for the 
paediatric anaesthetist to approach the risk benefit ratio of a particular proce
dure within the context of his or her individual experience and the environ
ment in which he or she works. Below are some of the more common dilemmas 
which highlight the risk/benefit ratio for particular procedures. 
1. Paediatric hernia repair. Herniorrhaphy is usually carried out as a day stay 

procedure. If the patient receives general anaesthesia alone, only 50% of 
patients will require postoperative analgesia. Local techniques that have 
been studied include caudal, ilioinguinal/iliohypogastric block, local infil
tration and local instillation into the wound. These techniques appear to 
provide equally effective analgesia. Major disadvantages (risk) in this con
text include hospital admission due to vomiting or prolonged lower limb 
block. Caudal analgesia or systemic opioids may be hard to justify in this 
context. 

2. Re-implantation of ureters and other major abdominal procedures. Epidural 
analgesia in this context is associated with improved analgesia, improved 
postoperative recovery [9], avoidance of the pain of bladder spasm, and ear-
1ier discharge from hospital. The alternative of opioid infusion may be safer in 
institutions that have limited experience of postoperative epidural infusion. 
Both techniques have limited group A/B risks (Fig. 1). 

3. Spinal anaesthesia for hernia repair in ex-premature infants. Despite a rela
tively high failure rate, spinal anaesthesia has been advocated in this group 
based on a reduction of postoperative apnoeas and measured differences in 
ventilation [10]. However, recently the benefits of this technique over an ap-
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propriate general anaesthetic/caudal technique have been questioned [11]. 
Infants tolerate awake spinal anaesthesia with minimal cardiovascular 
changes [12] although occasionally these infants may require ventilatory sup
port if the local block becomes too high .. Additional sedation for these infants 
can cause severe apnoeas and bradycardia [13] 
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Chapter 9 

Anaesthesia and postoperative care of children and 
neonates undergoing cardiac surgery, including 
transplantation 

J. NEIDECKER 

Despite prenatal diagnosis, the incidence, of congenital heart diseases remains 
between 5.5 to 8.6 per 1000 livebirths [1]. It is stable over the years. This overall 
rate encompasses a large combination of diseases which are not equally severe. 
Looking to critical congenital heart diseases requiring intervention in infancy, 
the reported number is rather constant: 3.5%0 [1]. 

In the last years, the new trend in surgical management is to operate on these 
infants very early in their lives, sometimes even within the first week. This has 
been made possible because of improvements and advances in early cardiologi
cal diagnosis, surgical techniques, anaesthetic management, and cardiopul
monary bypass technology. Nowadays the aim of any cardiac paediatric team is 
to provide the patient with the best care, i.e. to totally repair the diseased heart as 
far as possible. Thus, this lecture will be restricted to the management of paedi
atric patients undergoing total repair of the disease (procedure performed with 
the help of cardiopulmonary bypass) and will also approach a special way of 
treating some diseases: heart transplantation. 

Pathophysiology 

Due to the extreme complexity of congenital heart diseases, this short section on 
pathophysiology will focus on the main aspects of these abnomalitites and their 
possible consequences on the anaesthetic management. 

Before birth, fetal and particularly pulmonary circulation are characterized by 
very high pulmonary pressure, virtually no pulmonary blood flow, and in
creased pulmonary vascular resistance [2]. At the time of birth, sudden modifi
cations occur in normal newborns: pulmonary artery pressure and pulmonary 
resistance decrease while a pulmonary blood flow is generated. These modifica
tions are different when congenital defects are present. In noncyanotic congeni
tal heart disease at time of birth, pulmonary blood flow increases and remains 
high. This will have some effect on the pulmonary circulation: persistence of 
high pulmonary artery pressure and high pulmonary resistance. The "mid-term 
consequence" is the occurrence of insults of the pulmonary endothelium, lead
ing to pulmonary vascular obstructive disease [2]. It has been shown that insults 
on the endothelium result in an increased release of endothelin, which is poten
tially vasoconstrictive, and in a decreased production of nitric oxide. All these 
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phenomena induce pulmonary hypertension, which could be sudden or per
manent and occur at any time during the surgical procedure and the postoper
ative course. These pathophysiological considerations must be taken into ac
count when giving anaesthesia. Fluid intake should be carefully monitored be
cause interstitial water and particularly extravascular lung water are increased. 
Any drug that can induce pulmonary hypertension directly or indirectly should 
be avoided [3]. 

Patients presenting with cardiomyopathy (primary myocardial dysfunction) 
are included in this group because their initial disease leads to increase pul
monary blood flow and pulmonary hypertension. During the peri operative pe
riod (operation is generally cardiac transplantation), the major problem is also 
pulmonary hypertension [4]. 

In cyanotic congenital heart diseases, pulmonary blood flow is usually re
duced and, consequently, the pulmonary artery remains small. Pulmonary 
artery pressure is usually low because of the lack of flow while pulmonary resis
tance depends upon the complexity of the defect. Usually, the anaesthetic tech
nique should avoid any systemic vasodilation (i.e. a drecrease in peripheral re
sistance) that would increase the right to left shunt and consequently increase 
the cyanosis. 

Surgical repair increases the flow and sometimes the size of the pulmonary 
arteries. Nevertheless the occurrence of an increased postoperative blood flow 
will suddenly increase the right ventricular work, which is sometimes poorly 
tolerated and can lead to right ventricular failure. The latter will be very severe if, 
in addition, the pulmonary blood flow is reduced because of pulmonary steno
sis. 

When the anaesthesiologist is examining a newborn who is expected to un
dergo cardiac surgery, the same pathophysiology applies, of course, but the im
maturity of several organs and particularly of the lung should be taken into ac
count (surfactant deficiency). 

The goal of anaesthetic management is to maintain the haemodynamics be
fore surgical repair or transplantation and thereafter to adapt the heart and the 
circulation to the newly acquired circulation and sometimes physiological con
ditions. 

Specific comment regarding heart transplantion [5] 

Children scheduled for heart transplantation generally have end-stage congeni
tal heart diseases; others present with acquired diseases which do not differ from 
those in adults. In addition to the pathophysiology described previously, there is 
global heart failure which is often treated by angiotensin-converting enzyme in
hibitors (ACE inhibitors). The major problem concerning the indications for 
heart transplantation in children is correct assessment of pulmonary pulmonary 
pressure. 

After transplantation, pathophysiological conditions change and move from a 
failing to a denervated heart. Denervation is complete and permanent; thus, the 
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heart rate is the spontaneous resting rate, which is generally too slow. Just after 
reperfusion myocardial compliance is poor due to cold ischemic storage, which 
could explain a poor contractility and worsen the dysrhythmia. 

Anaesthesia 

Preoperative evaluation [3] 

The preoperative evaluation of children undergoing cardiac procedures under 
cardiopulmonary bypass has several steps. The major one is the main diagnosis 
and is thus performed by the cardiologist: cardiac catheterization, echocardiog
raphy, etc. Anaesthesiologists are mainly interested in the biological data and the 
haemodynamic consequences of the disease. Appreciation of preoperative renal 
and hepatic functions allows better postoperative management, either by avoid
ing potentially toxic drugs (i.e., antibiotics) or by giving systemic treatment 
(i.e., diuretics). Coagulation tests are very important preoperatively because se
vere coagulation abnormalties are often associated with cyanotic diseases and 
sometimes require preoperative treatment. Otherwise, preoperative assessment 
is performed as in adult patients, with particular attention to reducing the blood 
sample volumes. 

Generally, few adaptations of the preoperative treatment are necessary. 
Digoxin, if blood level is within therapeutic range, is usually continued until the 
day of surgery while ~-blockers (mainly propranolol) are stopped 24 h before 
surgery when given to cyanotic patients. ACE inhibitors, anticoagulants, or as
pirin are stopped according to the protocol used in the institution or for adult 
patients. When prostaglandin El is infused preoperatively in infants or neonates, 
some side effects of the drug can occur and thus should be known: mild fever 
(38°-38SC), hyperleukocytosis, and fluid retention. These side effects are not a 
contra-indication to cardiac surgery. 

Premedication [3] 

Children of any age should go into the operating room feeling confident and re
laxed; therefore, premedication is required in the most cases. Premedication 
should be anxiolytic but not contain too much sedative, particularly in patients 
with cyanotic congenital heart diseases. In 1990, DeBock [6] and Levine [7] re
ported that premedication has an unpredictable effect regarding oxygen satura
tion in cyanotic children while there is only a mild decrease in oxygen saturation 
in noncyanotic patients. Light premedication is given usually 30 min to 1 h pri
or to surgery [6].1t can be administered intrarectally, intramuscularly, or some
times orally. Various drugs, such as benzodiazepines, opioids, barbiturates or 
even ketamine, are routinely used. Together with premedication in older chil
dren in whom a direct peripheral venous puncture is expected, local anaesthesia 
of the site with EMLA cream may be useful. 
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Monitoring [8] 

Routine monitoring of paediatric cardiac patients includes: ECG (at least four 
leads), invasive arterial blood pressure, pulse oximetry, capnography, urine out
put, temperatures (recorded at least in two different places: rectum, oesophagus, 
nasopharynx, ear, etc.). To assess central venous pressure, a double or triple lu
men catheter is inserted. Swan-Ganz catheters are rarely used in paediatric car
diac patients because they are usually dificult to place correctly and sometimes 
may be dangerous. In addition, presence of indwelling catheters may hamper the 
surgeon. Usually, to complete the haemodynamic monitoring, the surgeon can 
insert various catheters at the end of cardiopulmonary bypass in the left atrium, 
in the pulmonary artery (in combination with a SV02 catheter or a probe to 
measure cardiac output by thermodilution) or in the right atrium. If transcuta
neous vascular access is impossible at least one venous and one arterial line 
should be obtained by cutdown. 

Transthoracic and transoesophageal echocardiography are, of course, part of 
noninvasive monitoring. Echocardiography is performed in the operating room 
or in the ICU. It assesses the myocardial contractility as well as pre- or afterload. 
After repair of any congenital heart disease, it allows also early diagnosis of any 
unsuspected residual defects. 

All teams involved in the anaesthesia of patients with congenital heart defects 
must always bear in mind that intracardiac shunts may be present that have not 
been diagnosed preoperatively; therefore it is essential to ensure that there is no 
air (small bubbles) in any of the lines and syringes that could be transported to 
the brain because of an unknown intracardiac shunt or vessel abnormality. This 
will avoid neurological complications. 

Induction of anaesthesia [3] 

After a peripheral venous line has been inserted and the patient sedated with 
volatile anaesthetics (halothane or sevoflurane), induction of anaesthesia is per
formed intravenously. Barbiturates (thiopental) are the most commonly used 
hypnotic agents. They provide the necessary cerebral protection if a total circu
latory arrest is required for the surgical procedure. Other hypnotics can be used. 
Etomidate is, like propofol, painful in children. In older children propofol can be 
safely used if early extubation is planned. All modern opiods (fentanyl, sufen
tanil, alfentanil) can be used and will correctly control catecholamine release 
[9-11]. Few data are available on paediatric use of remifentanil. All muscular re
laxants can be chosen but pancuronium is often the preferred drug because it in
duces a mild tachycardia that inhibits bradycardia caused by the opioids, which 
is not desirable in children. The choice is very often made by the anaesthesiolo
gist according to his personnal habits and to the cost. 

Thereafter the nasotracheal intubation is undertaken; however, if early extu
bation is planned, the intubation can be performed orally. 

During induction of anaesthesia, the anaesthesiologist must constantly bear 



Anaesthesia and postoperative care of children and neonates 75 

in mind that vasodilation should be avoided in cyanotic patients while in non
cyanotic ones fluid intake should be carefully controlled. 

After induction of anaesthesia and usually before skin incision, antiobiotic 
prophylaxis is initiated. The choice of antibiotics is adapted as usual to the mi
crobiological environment and to the history of the patient. Further injections 
are performed according to the institution's protocols. 

Maintenance of anaesthesia [3,5,9-11] 

Further injections of hypnotics, opioids, and muscle relaxants are used to main
tain anaesthesia. Volatile anaesthetics (isoflurane, sevoflurane or halothane) can 
be combined. Neonates have normal responses to surgical stress when as regards 
catecholamines release; therefore, systemic opioids should be given. 

Transplant recipients do not receive different anaesthetic management than 
other paediatric cardiac patients do. The only particular point to focus on is 
that these children are receiving large doses of ACE inhibitors without any in
terruption. Intraoperatively, blood pressure may suddenly drop, which some
times has to be corrected using very potent vasoconstrictors (norepinephrine, 
angiotensin, etc.). 

Cardiopulmonary bypass [12, l3] 

After administration of an average dose of 300 IV/kg of heparin (range from 
200-500) cannulae are inserted into the vessels or into the right atrium. 

The circuit and the volume of the oxygenator are generally adapted to the 
weight and size of the child. Thus, the prime volume of the circuit varies from 
350 ml in neonates to 750 ml in "oversized" teenagers. As the dilution which is 
induced by such a prime volume is important regarding the child's volemia, red 
blood cells as well as fresh frozen plasma are added into the prime. Nevertheless, 
when a child's weight is close to 15 kg, total haemodilution can be attempted. 

Cardiopulmonary bypass is conducted under deep hypothermia. In most of 
the cases 20°-25°C is required in combination with a low perfusion flow tech
nique to reduce collateral circulation. When a total circulatory arrest is needed 
by the surgeon, the core temperature of the patient is lowered to 16°-20°C, 

At the end of rewarming, haemofiltration is routinely used at some centres 
[14]. Intraoperative haemofiltration increases the mean blood pressure probably 
by several mechanisms which involve elimination of some vasoactive substances 
that have negative inotropic effects and water withdrawal inducing increased vis
cosity. Complement fragments and cytokines which are activated and released 
during paediatric cardiopulmonary bypass are also eliminated. Several techniques 
are proposed and at this point there is no agreement as to which one is the best. 

Protamine is infused, like in adults, after termination of bypass and cannulae 
removal. The anaesthesiologist should infuse protamine cautiously in patients at 
risk of right ventricular failure or pulmonary hypertension because of prota
mine side effects. 
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Weaning from bypass: end of procedure 

After total rewarming, the patients are progressively weaned from the car
diopulmonary bypass while keeping low filling pressures. Inotropics are pro
gressively added if systemic pressure or contractility is poor. If preload is too 
high, vasodilators can be used. In pulmonary artery hypertension, vasodilators 
(sodium nitroprusside, nitroglycerine, prostaglandin El) and, more specifically, 
nitric oxide are given. 

Fluid can be infused as appropriate to maintain preload. In neonates and par
ticularly after the arterial switch operation, it is important to stop the bypass 
with very low left atrial pressure. 

Transplant recipients usually receive continuous infusion of isoproterenol be
fore weaning from bypass because of the slow heart rate described above [5]. 

Sometimes at the end of the procedure, despite correct haemodynamic values, 
closure of the thorax is deleterious because of a dilated heart and/or myocardial 
edema the heart is compressed by the surrounding structures which limit the 
end-diastolic volume. Delayed chest closure is then advisable and final closure 
can be performed safely 48 h later [15]. This leads to a better outcome without 
any severe complications, such as mediastinitis. 

Postoperative care 

Standard postoperative care [3] 

At the end of surgery children are transferred to the leu where they stay until 
recovery. Postoperative monitoring is conducted as in adult patients but postop
erative events are likely different because of the age, the initial disease, and the 
surgery. 

Haemodynamic parameters - heart rate, systemic blood pressure, filling pres
sures (right and left atrial pressure), and pulmonary artery pressure - are 
recorded every hour. After some specific procedures, other data may be of inter
est: pressure in both vena cavae, mixed venous oxygen saturation (SV02), and 
cardiac output. 

In children, peripheral perfusion and circulation are highly reflected by the 
temperature gradient (rectal or esophageal versus cutaneous) or urine output. 

Mechanical ventilation is usually maintained for at least 3 h. Then patients 
with good haemodynamics who have undergone a simple procedure could ben
efit by early extubation (50%) [16]. Nevertheless, there is still a high reintuba
tion rate (11 %) and for the remaining patients Heinle [16] reports a mean du
ration of ventilation of 3.5 days. 

Sedation is required when long-term mechanical ventilation is planned. Seda
tion is compulsory and often associated with muscular relaxants in cases of low 
cardiac output syndrome, pulmonary hypertension crisis, or delayed chest clo
sure.1t can be induced by continuous infusion of opioids (morphine, sufentanil) 
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[17]; benzodiazepines (midazolam) should be used cautiously because theis may 
accumulate if there is any evidence hepatic insufficiency [18]. They are of great 
interest in case of postoperative seizure. Nevertheless after 3 days if the haemo
dynamic values are correct, sedation must be interrupted to assess the neurogical 
status of the child, especially if a total circulatory arrest was used during surgery. 

As soon as the patient is extubated, oral feeding can be started if there is no 
respiratory failure. 

Specific complications are described below. Among the complications that 
are not described in detail, neurological ones have to be mentioned because of 
the severity, the unclear pathophysiological mechanism and the sometimes un
predictable development. They may ensue with simple seizures and progress to 
severe coma with stroke. Sometimes they are isolated or a consequence of a low 
cardiac output syndrome and part of multiple organ failure syndrome. 

Biological examinations, chest radiographs, and echo cardiography should be 
performed as often as required by the patient's condition. 

Postoperative care of neonates 

When they are in the leU, neonates are managed like other children and the 
complications, if any, are the same. Nevertheless some particular points should 
be emphasized. First the use of incubators is compulsory to maintain correct 
temperature. Up to 50% of neonates enter the leu with an open chest; there
fore, mechanical ventilation is required for several days. In addition earlyextu
bation protocols are not suitable in neonates or are associated with a high rein
tubation rate [16]. During mechanical ventilation, high Pa02 (over 120 mmHg 
for 6 h) should be avoided because it may cause, in conjunction with other fac
tors due to immaturity, retrolental dysplasia leading to blindness [19]. In cases of 
persistent pulmonary hypertension associated with difficulty in performing me
chanical ventilation, neonatal respiratory distress syndrome (surfactant defi
ciency) should be considered, which requires different management (oscillation 
ventilation and/or surfactant administration). 

Management of specific aspects 

Low cardiac output syndrome [3] 

Low cardiac output syndrome occurring after paediatric cardiac surgery is dif
ferent from that in adults: firstly, direct assessment of cardiac output is not com
mon in children and sometimes not reliable; and secondly, initiation of the syn
drome is generally concomitant with a right ventricular failure that will induce 
secondary global heart insufficiency. 

Diagnosis will be established by several signs: 
- clinical signs: pale face, peripheral cyanosis, hepatomegaly, and increased 

temperature gradient (increased central temperature and decreased cuta
neous temperature); 
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- haemodynamics: decreased systemic pressure, and increased right or left atri
al pressure, sudden (or permanent) increase in pulmonary artery pressure; 

- low urine output «0.5 mllkg/per hour) together with biological signs of 
acute renal failure (hyperkalema and increased evels of urea and creatinine); 

- biological signs of acute hepatic failure: hypoglycemia, and increased levels of 
enzymes or lactic acid; 
coagulation disorders (low fibrinogen and increased prothrombin time). 
To correct the haemodynamics, treatment will mainly include inotropes 

(dopamine, dobutamine, epinephrine) to increase contractility and vasodilators 
(sodium nitroprusside, phentolamine, etc.) to decrease preload and afterload. 
Phosphodiesterase 3 inhibitors (milrinone, enoximone) combine inotropic and 
vasodilating effects and could be of interest because their mechanism of action is 
different [20,21]. Phosphodiesterase inhibitors can be administered alone or in 
combination with other inotropics since the synergy is good. The dose of enox
imone should be between 0.5 mg and 1 mg/kg every 6-8 h (own unpublished 
data) and should be adapted to haemodynamic response, renal function, and 
platelet count. When the patient is improving, reducing inotropics and/or va
sodilators is generally difficult and the introduction of oral ACE inhibitors facil
itates recovery and weaning from mechanical ventilation. While waiting for 
haemodynamic improvement, symptomatic treatment should be included: fresh 
frozen plasma, platelet, and high glucose intake. 

Low cardiac output syndrome has still a high mortality rate despite improve
ments and advances in treatment. The initial disease and the surgical operation 
are some of the most important factors. 

Pulmonary hypertension 

Closure of congenital heart defects from left to right may result in postoper
ative pulmonary hypertension due to pulmonary obstructive vascular disease. It 
also occurs after heart transplantation. Clinically, in addition to the increase in 
pulmonary artery pressure, there is: a drop in blood pressure with cyanosis, 
bradycardia, and right ventricular failure. If present, SvOz will decrease. If it per
sists global heart failure occurs. Sometimes the increase in pulmonary artery 
pressure is sudden and will induce acute right ventricular dilatation that leads 
promptly to cardiac arrest. 

Treatment is mainly based on prevention and avoidance of stimulation of the 
trachea (suction). Hyperventilation is basic to decreasing pulmonary pressure, 
generally associated with deep sedation. Pharmacological treatment consists of 
vasodilators given intravenously or sometimes directly into the pulmonary 
artery. A few years ago a more specific pulmonary vasodilator became available: 
nitric oxide. Nitric oxide is given by inhalation and doses commonly range be
tween 5 and 20 ppm ( but larger doses - up to 80 ppm - have been reported) 
[22]. When patients receive nitric oxide for a long period, methaemoglobin mon
ito ring is mandatory to detect toxicity, which is rare but more frequent and dan
gerous in neonates [23]. This drug is rapidly efficient in controlling the pul-
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monary artery pressue and the patient will improve. Nevertheless, after normal
ization of pulmonary artery pressure, a deleterious rebound can be observed 
when nitric oxide is stopped. Such a rebound requires reintroduction of nitric 
oxide. Recently, the use of a nitric oxide donor drug (molsidomine or dipyri
damole) has been reported to effectively prevent a rebound [24]. 

Renal failure 

Postoperative renal failure is often the first organ dysfunction to develop. Ini
tially, incremental dose of diuretics will effectively treat the oliguria. Usually, 
though, hyperkalemia, together with an increase in urea levels and fluid over
load, will require a more active treatment - dialysis. In infants and neonates, 
peritoneal dialysis is preferable because it is easier to initiate and offers better 
haemodynamic stability [25]. It is effective in potassium and urea removal, but 
water removal is sometimes too slow. Conventional or continuous haemodialy
sis can be safely used in children [26] but in infants there is a problem of vascu
lar access. Thus, it is chosen when weight is greater than 15-20 kg. The efficacy is 
greater (especially regarding water removal) but the haemodynamic stability is 
generally impaired at the initiation. Dialysis is progressively stopped in conjunc
tion with renal improvement. 

Management of the transplanted patients [5] 

Management of children undergoing heart transplantation generally includes a 
combination of two protocols: 1) as in paediatric cardiac patients as described 
above; 2) according to the heart transplantation immunosuppressive protocol, 
which differs from one institution to another. 

Regarding the haemodynamic status, the main complication is pulmonary 
hypertension, which has the same therapeutic scheme. Sometimes, bradycardia 
without a sinus rhythm requires a continuous infusion of isoproterenol for sev
eral days (sometimes before pacemaker implantation) to maintain an adequate 
heart rate for the age. 

The basis of immunosupressive treatment is initially as in adults: Four-drug 
therapy during the first week (corticosteroids, azathioprine, cyclosporine A, and 
polyclonal anti-lymphocyte globulins, ALG) then triple-drug therapy (no ALG). 
Later treatment is adapted to acceptance and tolerance according to the age (es
pecially for corticoids). Dosage and therapeutic levels of cyclosporine A are 
those currently accepted for adults. Careful monitoring of renal function is ad
visable and that requires often prolonged stay in the ICU. 

To avoid the psychological trauma of repeated anaesthesia for endomyocar
dial biopsies in children and also to reduce the risk of repeated venous puncture, 
follow-up and detection of rejection are generally performed by transthoracic 
echocardiography. Endomyocardial biopsies which remain the primary and ba
sic means of rejection detection, are undertaken only if the diagnosis is unclear 
[27). 
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Rejection is treated as in adults by corticosteroids (IS mg/kg), possibly associ
ated with ALG; monoclonal anti-lymphocytes globulins (OKT3) are only used 
when conventional treatment is contraindicated or in case of renal failure, hepat
ic failure (which is not uncommon in end-stage congenital heart diseases, espe
cially if a Fontan procedure was performed previously) or unresponsive rejection. 

All other treatments are performed as in adults (i.e. prevention of infection). 

Conclusions 

The same basic concepts that regulate adult cardiac surgery apply to the periop
erative management of children of any age undergoing cardiac surgery. 

Factors specific to children are: 
the age and weight, which requires a constant adaptation of the technique and 
equipment; 
an extreme complexity of the disease, which requires a correct knowledge of 
the pathophysiology; 
complex surgical procedures that modify the preoperative pathophysiological 
conditions and move towards different ones. 
Consequently, the perioperative management of these children should in

volve a team of cardiologists, radiologists, echocardiographers, anaesthesiolo
gists, surgeons, and intensive care specialists. 
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Chapter 10 

New modes of ventilation in paediatrics 

G.A. MARRARO 

Since its first extensive use during the polio epidemics of the 1950s, mechanical 
ventilation has proved to be of undoubted value in improving survival in many 
patients affected by severe respiratory failure of varying origin. In the last 25 
years, artificial ventilation has tremendously improved the recovery of neonates, 
especially those born prematurely. However, mechanical ventilation can, in itself, 
result not only in pulmonary damage (interstitial emphysema, alveolar and 
bronchiolar damage, pneumothorax, and bronchopulmonary dysplasia) but al
so in damage to other organs, specifically when high Fi02 has been used (i.e., 
retrolental fibroplasia) [1-4]. 

Side effects are connected with: a) inadequate ventilatory treatment due to 
incorrect correlation between the ventilatory strategy and lung pathology; b) 
delay in beginning artificial ventilation and subsequent treatment of a compli
cated and consolidated lung pathology and use of invasive and iatrogenic pro
cedures; c) oxygen toxicity due to high Fi02 [5-7]; d) large volume and high 
peak airway pressure [8-12]; and e) over infection due to violation of the respi
ratory tract. 

A new philosophy [13-17] is emerging in the application of mechanical ven
tilation: 
1. to protect the ventilated lung (healthy or pathologic) using an adequate ven

tilatory support as soon as possible and for as short a time as necessary; 
2. to prevent oxygen toxicity using the lowest Fi02, applying complementary 

means of support which can lead to an improvement in Pa02 (surfactant, ni
tric oxide, PEEP, etc.); 

3. to recruit the infiltrated, atelectatic and consolidated lung using adequate 
PEEP level; 

4. to maintain gas exchange, accepting a Pa02level between 50-70 mmHg and a 
moderate hypercapnia (PaC02 between 45-55 mmHg). 
Complications of artificial ventilation are toxic effects due to high oxygen 

concentration used, alveolar injury barotrauma, reduction of cardiac output, 
laryngotracheal damage, pneumonia and bronchopneumonia. 

Even though certain complications can be reduced by correct application of 
artificial ventilation, little can be done for others, given the necessity to guaran
tee gas exchanges and, therefore, survival. 

In order to reduce side effects connected with artificial ventilation four prin
cipal areas are under investigation: 
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1. the use of ventilatory methods which allow the peak inspiratory pressure to 
be controlled or reduced, so as to reduce traumatic pulmonary lesions; 

2. independent lung ventilation in order to ventilate only the more diseased 
lung, so as to reduce barotrauma in the healthier lung; 

3. the use of mechanical support during spontaneous breathing in order to re
duce work of breathing, oxygen consumption, and negative effects on haemo
dynamics connected with artificial ventilation and positive end-expiratory 
pressure (PEEP) application; 

4. the use of perfluorocarbons instead of air for gas exchange. 

Methods to reduce peak airway pressure 

High frequency oscillatory ventilation 

High-frequency ventilation (HFV) has been largely investigated over the past 
two decades. Despite its theoretical benefits it has not received unanimous con
sensus and has not been widely used, except for high frequency jet ventilation 
(HFJV) employed in tracheal and bronchial anaesthesia [18]. High frequency 
oscillatory ventilation (HFOV) is proving to be highly successful, however, 
mainly because adequate humidification of ventilated gases is now possible [19-
21]. 

HFOV is recommended in order to reduce lung barotrauma and consequent 
lung injury in non homogeneous lung pathology and in the ventilation of pre
mature babies. A number of mechanisms have been proposed to explain the gas 
exchange in HFOV: direct alveolar ventilation, asymmetric velocity profiles, Tay
lor dispersion, pandelluft, cardiogenic mixing, accelerated diffusion, and acoustic 
resonance, both individually and in combination [21]. 

The theoretical advantages of HFOV include: 
1. maintaining open airways; 
2. smaller phasic volume and pressure change; 
3. gas exchange at significantly lower airway pressure; 
4. less involvement of the cardiovascular system; 
5. less depression of endogenous surfactant production. 

Recent studies in premature babies with hyaline membrane disease and in 
term or near-term newborns affected with lung pathologies have demonstrated 
an important improvement in oxygenation and a reduced incidence of air leak 
with HFOV. HFOV has also proven to be a valuable ventilatory alternative in 
some newborns who meet criteria for extracorporeal membrane oxygenation 
(ECMO) [22]. There are limited published data on the use of HFOV in paedi
atric patients but its benefits, deriving from the reopening of alveoli and keeping 
them open, as well as the reduction of air leak, appear clear. The data available at 
present, which do not show haemodynamic compromise, increase in the inci
dence of barotrauma, or decline in oxygenation index require supplementary 
clinically controlled studies. The problems connected with permeability of the 
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lung epithelium [23] and damage of trachea and bronchi [24,25] have yet to be 
investigated. 

Pressure-regulated volume control ventilation 

A new mode of ventilation, pressure-regulated volume control (PRVC), is now 
available in newer ventilators [26-30]. This new mode delivers a controlled tidal 
and minute volume in a pressure-limited manner using the lowest possible pres
sure, which is constant during the inspiratory phase. The gas flow is decelerated, 
and pressure and flow constantly vary. Peak inspiratory pressure (PIP) is auto
matically reduced when compliance and airway resistance change. 

Methodology 

The ventilator tests the first breath at 5 em H20 above PEEP and calculates the 
pressure-volume ratio. The inspiratory pressure changes breath by breath until 
the set tidal volume is obtained with a maximum of 5 em H20 below the upper 
pressure limit set. At this stage the measured tidal volume corresponds to the 
preset value and the pressure level remains constant (Fig. O. If the measured 
tidal volume increases above the preset level, inspiratory pressure will be adjust
ed until the set tidal volume is reached. 
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Fig. 1. The inspiratory pressure is tested, breath by breath, until preset tidal volume is reached. 
Subsequently, the inspiratory pressure is adapted according to the pressure volume ratio 
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Indications 

This mode of ventilation appears to be indicated: 
1. if within the lung compliance and resistance vary; 
2. if there is an initial requirement of high flow in order to reopen closed pul

monaryareas (i.e., atelectasis); 
3. to reduce high ventilatory peak pressure (i.e., in premature infants, pneu

mothorax, interstitial emphysema, etc.); 
4. to control ventilatory pressures from the moment nonventilated alveoli and 

bronchioles are reopened (i.e., surfactant, theophylline or nitric oxide ad
ministration, etc.); 

5. in the presence ofbroncho- and bronchiole-spasms (i.e., asthma, bronchioli
tis, etc.); 

6. in all patients in whom PEEP levels must be reduced in order to avoid haemo
dynamic complications. 
The method appears to be useful in improving respiratory mechanics and gas ex

change, in reducing the barotrauma caused by PIP, in limiting oxygen toxicity due to 
the possibility of using reduced Fi02 to maintain adequate gas exchange as com
pared with conventional mechanical ventilation [29-35]. It appears also beneficial 
when drugs such as surfactants, bronchodilators, nitric oxide, etc., which bring 
about a rapid change in compliance and airway resistance, are used [30,32,34]. 

Clinically controlled studies are required to evaluate its real benefits in the 
acute phase of the lung disease, in weaning from the ventilator, and in the venti
lation of healthy lungs (i.e., neurosurgical patients). 

Method to reduce monolaterallung overdistension 

Independent lung ventilation 

At present separate ventilation of the lungs of infants and children by means of 
selective bronchial intubation may be carried out using, for example, the Endo
bronchial Bilumen Tube (Portex® Ltd) [36]. It is available in different sizes and 
suitable for treating premature babies weighing more than 1500 g and children 
of up to 3 years [37-39]. Beyond this age selective intubation is possible only us
ing a tube fitted with cuffs. 

Left bronchial intubation is preferable to right because it reduces the possibil
ity of exclusion of the upper right lobar bronchus and the resulting atelectasis. 
The correct positioning of the tube is checked by auscultation of the lungs and 
more reliably by X-ray examination of the chest after it has been put in place. 

Ventilators 

Independent lung ventilation (ILV) requires ventilators which permit different 
modes of ventilation to be applied to each lung (Fig. 2). Synchronization of the 
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Fig. 2. Independent ventilation of the two lungs. Different levels of PEEP are applied to each 
lung 

start of respiration ensures that there is no shifting of the mediastinum, which 
may create an obstacle to venous return to the heart and a resulting fall in car
diac output. Furthermore, the nonsynchronous insufflation of the lungs may 
produce severe ventilation disorders. These complications occur mostly at low 
respiratory frequencies ( <30 times per minute) [38-42]. 

Application of ILV does not itself cause haemodynamic changes different 
from those which are encountered during intermittent positive pressure ventila
tion (IPPV) and continuous positive pressure ventilation (CPPV) with PEEP of 
5 cm of H 20. An increase in the central venous pressure and cardiac frequency 
and a reduction in arterial pressure are apparent when the levels of PEEP or tidal 
volumes are too high and interfere with intrathoracic pressure [38-40]. 

Less of CO2 is eliminated from the more damaged lung than from the less 
damaged lung as long as the recruitment of the small airways and the alveoli has 
not normalized. Increasing the level of PEEP leads to an increase in the elimina
tion of CO2 since more areas are opened to ventilation. The improvement in the 
Pa02 and the better elimination of CO2 are rapid and constant. Excellent im
provement in gas exchange takes place when selective ventilation and the best 
PEEP for each lung are applied (Fig. 3). 
Advantages of independent ventilation are: 
- increase in functional residual capacity and ventilation only in the more dam-

aged lung; 
- reduction in hyperventilation in the less damaged lung; 
- possibility of using selective PEEP in the two lungs; 
- isolation of secretions of the infected pulmonary areas and less risk of diffu-

sion by contiguity of the infection from one to the other lung. 
Several problems remain unsolved in the application of the methodology in in
fants: 
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Fig. 3. Pa02 and QS/QT improvement at different times of independent lung ventilation (lLV) 
of 15 infants affected by lung pathology with monolateral prevalence 

- the absence of cuffs prevents the application of high PEEP levels because it is 
possible to detect gas losses; 

- humidifying and heating the ventilated gases presents a considerable prob
lem. The secretions must be kept fluid and easily suctionable so as to avoid 
obstruction of the lumina of the bilumen tube in view of the small gauge. 
This complication must be closely monitored [43]. The necessity of using 
two ventilators and the high operating cost should be reduced if the treat
ment is more intensive and its duration is shortened. 

Methods to support spontaneous breathing 

Pressure support ventilation 

Pressure support ventilation (PSV) is designed to support spontaneous breath
ing during the inspiratory phase [26,28,30,40-46]. Once the patient has trig
gered opening of the demand valve, a supplementary gas flow is delivered to the 
inspiratory circuit, thereby producing a positive inspiratory pressure at a preset 
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Fig. 4. Comparison of different levels of pressure support applied in a child. The correct pat
tern is in the middle. Increasing pressure support, a reduction in respiratory rate, and an in
crease in tidal volume were noted (left). Reducing pressure support, an increase in respirato
ry rate, and a decrease in tidal volume were obtained (right) 

value. There is no preset tidal volume and cycles are pressure-limited. The ven
tilator assists each breath, regulated by the level of pressure preset. The patient 
triggers the assisted breathing and regulates the respiratory rate, inspiratory and 
expiratory time, and tidal volume [47-49]. 

Pressure support is regulated in order to supply tidal volumes and respirato
ry rates similar to the physiological values. If the pressure support is high, the 
patient tends to reduce respiratory rate and increase tidal volume. This could al
Iowan increase in barotrauma and the humidifier would not be able to warm 
and humidify the ventilated gases sufficiently. In the case of low pressure sup
port, the patient increases the respiratory rate and reduces the tidal volume, 
which leads to an increase in the work of breathing and oxygen consumption 
(Fig. 4). 

In the presence of inhomogeneous ventilation, this model could expand the 
better ventilated areas without affecting the pathological areas. This method is 
best employed in weaning from ventilator when the lung condition has im
proved [50-53]. Beneficial effects are obtained in haemodynamics as far as ven
tilation control is concerned, because breathing begins spontaneously [53]. 

Volume support ventilation 

Volume support ventilation (VSV) is another new means of assisting sponta
neous breathing which avoids the disadvantages deriving from pressure support 
ventilation [29,30 J. The ventilator, breath by breath, adapts the inspiratory pres
sure support level to the changes in the mechanical properties of the lung and 
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Fig. 5. Volume support ventilation, the same tidal volume is delivered, breath by breath, using 
the lowest possible inspiratory pressure level 

the thorax in order to ensure that the lowest possible pressure is used to deliver 
the preset tidal and minute volume, which remain constant (Fig. 5). The inspi
ratory pressure is constant and the flow is decelerated. In cases of apnea the ven
tilator automatically switches to PRVe. The initial values for expected tidal and 
minute volume should be set, as should all parameters to be used in PRVC in the 
presence of apnea ventilation. 

Indications for PSV and VSV 

Intensive care: 
- weaning from ventilation after improvement in lung pathology; 

weaning from long term ventilation [54]; 
- weaning of patients with chronic obstructive pulmonary disease, e.g., infants 

with severe bronchopulmonary dysplasia (BPD); 
- to promote respiratory muscle training in critically ill patients; 
- to compensate for the high resistance of endotracheal tubes during spon-

taneous respiration with continuous positive airway pressure (CPAP) [55]. 
Postoperative care: 
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- to preserve or reactivate spontaneous breathing; 
- to reinflate areas of atelectasis after surgery. 

Controindications to PSV and VSV 

- Deep sedation and muscle relaxants; 
- central neurological disorders; 
- hypoventilation syndromes; 
- small, premature infants who may be unable to trigger the demand valve. 

Methods using liquid instead of air to effect gas exchange: liquid 
ventilation 

The possibilities of using liquid instead of air in the exchange of gases has always 
fascinated researchers [56]. This possibility became a reality with the discovery 
of the properties of perfluorocarbon (PFC) liquids, when in 1963 Clark [57] 
demonstrated survival of mice and rats by immersing them in oxygenated PFC, 
thus opening the way to the clinical application of this concept. 

Characteristics of perfluorocarbons 

PFC can be derived from organic compounds, such as benzene. They are clear 
colorless and odorless and can be stored indefinitely at room temperature. They 
are resistant to autoclaving. They are insoluble in water or in lipids and water or 
lipids do not dissolve in them. However, oxygen, carbon dioxide, and many oth
er gases are very easily dissolved in them. All PFCs have a low surface tension 
and rapidly evaporate at body temperature from the lung and the skin. The 
mechanisms for uptake, biodistribution, and elimination in the body are not 
clearly defined but are correlated to lipid tissue composition, organ perfusion, 
and the ventilation/perfusion ratio in the lung. The physiochemical characteris
tics of PFC, i.e. molecular structure and vapor pressure, and the lung patho
physiology play an important role. Small quantities of PFC can be absorbed in 
the blood and distributed to the tissues, with a preference for lipids and fats. The 
absorbed PFC can remain in the tissues for long periods but does not seem to 
exert any toxic effects. The persistence in the body and the predilection for fatty 
tissue warrants further investigation, particularly with respect to the developing 
central nervous system of neonates and premature babies. 

Methods of administration 

At present, there are two methods of administration of PFC. Total liquid venti
lation (TLV) was developed by Moskowitz [58] and subsequently by Shaffer [59, 
60]. Partial liquid ventilation (PLV) or perfluorocarbon-associated gas exchange 
(PAGE) was proposed by Fuhrman [61] and Lachmann [62]. 
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Total Liquid Ventilation 

TLV employs PFCs instead of gas for gas exchange. A volume of 30 m1!kg of 
warmed, oxygenated PFC is introduced in the lung and further quantities are 
administered until the lung has been completely filled. As soon as the air has 
been completely expelled, the patient is connected to a ventilator (similar to a 
dialysis pump). The tidal volume is subsequently set at 15-20 m1!kg of PFC. 
Respiratory rate is regulated to 4-5 breaths per minute. The maximum inspi
ratory peak pressure is 30 em of H20 but a pressure of between 15 and 20 em 
H 20 is usually sufficient. The negative pressure required during the expirato
ry phase ranges from -15 to -30 em of H 20. At the end of the treatment con
ventional ventilation can be continued until the PFC has evaporated from the 
lung. 

Partial Liquid Ventilation 

PLY is a ventilatory technique employing PFCs to fill the functional residual ca
pacity (FRC) of the lungs while gas tidal volumes are delivered by a convention
al volume-regulated ventilator. A volume of 30 m1!kg of PFC is introduced in or
der to partially or fully replace the FRC. A further 10 m/kg of PFC is addeded 
every hour to replace redistribution or evaporative losses. 

Problems in the use of PFC 

A persistent problem noted in early use of PFC was a significant degree of lactic 
acidosis. A fall in cardiac output has been noted, possibly linked to an increase in 
pulmonary vascular resistence due to the compression of the pulmonary vessels 
by the heavier liquid. 

CO2 elimination is linked to the persistence of the PFC in the lung and to 
dead space. While PFC readily absorbs CO2, it does not allow rapid diffusion of 
CO2• PFC is highly viscous and dense and thus a very low frequency ventilatory 
rate is necessary. Unsuitable ventilatory rates can lead to an accumulation of 
CO2 and, in turn, respiratory acidosis. At low frequencies CO2, clearance is re
duced because of inadequate diffusion time. Adjustment of tidal-volume during 
steady state ventilation can be made to keep PaC02 values within the normal 
physiological range, provided the frequency is low enough. In animals the most 
effective alveolar ventilation and CO2 elimination occur at frequencies of 3-5 
breaths per minute. Adequate oxygenation is achieved by manipulation of the 
Fi02 of the inspired liquid and by maintaining an adequate FRC by altering in
spiratory and expiratory volumes and PEEP level. 

Advantages ofTLV 

Liquid ventilation is extremely effective in improving oxygenation [60, 63, 64]. 
Unlike the gas-filled lung, in which alveolar pressure are uniform and vascular 
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pressures are subject to a hydrostatic gradient, the liquid-filled lung has trans
mural gradients that are relatively balanced. This results in uniformly distended 
pulmonary blood vessels and evenly distributed blood flow, thus improving ven
tilation/perfusion matching. The haemodynamic disturbances during PLY are 
less evident than during TLV. In areas of atelectasis, ventilation/perfusion match
ing and decreased pulmonary resistance through the lung leads to recruitment 
and unfolding of alveolar tissue and capillaries. The improvement in gas ex
change and the increase in compliance indicate more effective oxygenation and 
ventilation, presumably because of a reduction in alveolar surface tension [59]. 

Any material present in the lung can be mobilized and eliminated and, there
fore, these reventilated areas are recruited to ventilation [59,65,66]. Peak inspi
ratory pressure is lower during liquid ventilation than during conventional gas 
ventilation. The incidence of barotrauma and alteration of lung structure is thus 
reduced. 

Advantages of partial liquid ventilation over total liquid ventilation 

- Use of the same equipment as during conventional mechanical ventilation; 
- does not require bulky, sophisticated equipment; 
- better cardiovascular stability and fewer haemodynamic side effects and pH 

variations. 

Indications for liquid ventilation 

Liquid ventilation eliminates the airlliquid interface and reduces surface ten
sion. It could be useful in lung pathologies such as respiratory distress syn
drome (RDS) in premature babies and acute respiratory distress syndrome 
(ARDS) [67-69]. It may also be useful in meconium aspiration syndrome 
where it facilitates the removal of the meconium and eliminates inhomoge
neous lung ventilation [59, 65, 66]. Future application could be in the treat
ment of inhalation syndrome, cystic fibrosis (mucoviscidosis), and proteinosis. 
In these cases PFC could remove the material present in the lungs, improve gas 
exchange, reduce the atelectactic tendency, and prevent the loss of surface ac
tivity. Liquid ventilation is also used in the study of the lung, for topical ad
ministration of drugs, heating pulmonary lobi to increase lobar or pulmonary 
blood flow, in the treatment of lung cancer, and as a ventilatory support for 
unusual types of treatment [60]. This is a fascinating and stimulating area re
quiring further studies. Some positive results have been reported in humans 
[66,68-70]. 

Points remaining to be solved 

- The safety of liquid ventilation over prolonged periods of time; 
the haemodynamic effects in the presence of pulmonary hypertension or pa
tency of ductus arteriosus; 
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the problems of returning to gas ventilation after a long period of liquid ven
tilation; 
the uptake and metabolism of PFC with regards to damage from long-term 
persistence in the tissues [64,71,72]. 
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Chapter 11 

Weaning from artificial ventilation 

A.J. PETROS 

When a child has recovered from the underlying disease which initially required 
intubation, the process of weaning from mechanical ventilation can begin, the 
endpoint being the removal of the endotracheal tube. Intensivists in the PICU, 
NICU, and CICU environment, on the whole tend to arrive at this end point by 
using "clinical judgement and years of experience". However, recent data from 
adult studies clearly show that specific weaning protocols decrease the duration 
of mechanical ventilation [1-3]. The criteria for determining whether the indi
vidual patient is capable of sustaining spontaneous respiration following with
drawal of respiratory support are becoming more clear. A number of specific 
variables have now been recommended to predict successful weaning in adults 
[4, 5]. Basing the decision of extubation upon clinical grounds alone can lead to 
problems, the incidence of reintubation and recommencing ventilation without 
weaning guidelines ranging between 17%-19% in adults [6] and 19%-28% in 
children [7] and neonates [8]. The imperative to extubate patients is determined 
by the higher incidence of nosocomial infection [9] and airway trauma and the 
associated risks of accidental extubation [10]. 

Pathophysiology of weaning 

The ability to breathe depends upon three factors: central respiratory drive; the 
load placed upon the respiratory muscle pump, and the capacity of the muscles 
to sustain respiratory effort. When the balance among these three factors is lost, 
hypercapnic respiratory failure results. Capacity, load and drive can be influ
enced by many factors. In broad terms, a decrease in capacity is usually the result 
of a neuromuscular disease; an increase in workload is the result of airway ob
struction; and a depression of central respiratory drive is due to a drug overdose 
[5,11]. 

Capacity of respiratory muscles 

The capacity of respiratory muscles to breathe spontaneously depends upon the 
ability of the muscles to generate adequate inspiratory pressure. This can be 
measured during a static effort against a closed airway. While a patient is ill and 
receiving intensive therapy there can be a 75% reduction in the capacity of his 
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respiratory muscles. Systemic diseases, neuromuscular diseases or weakness of 
the muscles themselves account for this reduction. Metabolic abnormalities such 
as hypomagnesaemia, hypophosphataemia and hypocalcaemia can reduce res
piratory muscle contractility. Infection and malnutrition can also affect respira
tory muscles adversely. 

Load 

The work necessary to overcome the elastic forces of the lung and chest wall dur
ing inspiration and the minor forces of inertia and gravity all add to the load of 
breathing. The load may be further increase by any form of airway obstruction 
and the oxygen cost of breathing increases significantly in patients being weaned. 
If spontaneous respiration is to be successfully established and sustained the pa
tient has to be able to accept and tolerate this load. 

Central drive 

The force generated by the respiratory muscles is also related to the output from 
the central nervous system. Any reduction of this central drive, for example in 
case of sedation, leads to a great reduction of the force generated. It is thus im
portant to ascertain that patients are not oversedated and are sufficiently alert to 
maintain the central respiratory drive necessary to sustain breathing. 

How to assess if sustained spontaneous breathing will be achieved 

It is not entirely clear how useful these scoring systems are in practice. If a pa
tient fails to meet the criteria and yet looks clinically well, should attempt at 
weaning be abandoned until the criteria are met? Do patients who easily satisfy 
the criteria need to be weaned or can they just be extubated? Do any of the quot
ed indexes have any relevance to the paediatric population? 

Despite meeting the criteria for extubation, up to 20% adults can fail a wean
ing protocol [3, 12]. This is either because the criteria were not sufficently dis
cerning or possibly because, though being capable of supporting spontaneous 
ventilation, the patients were actually impeded by the process of weaning. Up to 
50% of accidental extubations do not require re-intubation [13, 14], indicating 
that we continue to ventilate some patients who simply do not need respiratory 
support. 

Numerous indices have been used to quantify the adequacy of the ventilatory 
effort while receiving mechanical ventilation and to predict which patients are 
ready to resume sustained spontaneous respiration. Many univariate parameters 
have been studied in adult patients on mechanical ventilation to assess their 
readiness for extubation with different results. These include minute volume 
(MV), vital capacity (VC) maximal inspiratory pressure (MIP) and airway oc
clusion pressure (AOP). However, multiple factors can result in a patient's failure 
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to wean and multivariate indices have to be considered when predicting ability 
to wean [7, 15]. By including a number of different measurements of respirato
ry muscle strength and assessments of respiratory mechanics it is assumed that 
an overall picture of success in weaning can be obtained. The most popular in
dices that have been used and studied in adults include: the ratio of inspiratory 
airway pressure to maximum inspiratory pressure; the inspiratory effort quo
tient; the weaning index; and more recently the rapid shallow breathing index 
(RSB) and the complicance, rate, oxygenation and pressure index (CROP). 

Rapid shallow breathing index [4] 

This index incorporates the rate of breathing and the result of the effort made. 

Respiratory frequency (bpm) 

Tidal Volume (ml) 
or 

f 

Vt 

It is claimed that values of ~11 bpm-l·ml-1 predict successful extubation in 
children [7]. 

Compliance, rate, oxygenation and pressure index 

This index integrates the dynamic compliance (Cdyn) of the lungs; the maximal 
inspiratory effort (PImax); the respiratory rate (RR) and a measurement of gas 
exchange (PaOz/PAOz). 

Cdyn PImax· (PaOz/PAOz) 
CROP=~--------------

RR 

Values of ~o . Iml-l . mmHg-l . bpm-l . kg-l are claimed to be possible pre
dictors of successful extubation [7]. 

Inspiratory drive 

Inspiratory drive (PO.l) is an important contributor to successful extubation and 
now available on many newer ventilators. The pressure during first 100 msec of 
an occluded breath is claimed to be an accurate measure of inspiratory drive in 
adults [6, 16]. The evidence in children is not so clear. 

Value of these indexes in children 

In the study reported by Yang and Tobin [4], minute ventilation was measured 
using a spirometer with the patient disconnected from the ventilator, and the 
frequency counted over 1 minute. Maximal inspiratory pressure was recorded 
over a 20-second period of airway occlusion with a unidirectional valve. Based 
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on the results of this study, two indexes were proposed as having positive pre
dictive value when extubating patients, and namely: the RSB index and the 
CROP index. Among adults 95% of patients with a fNt ratio or RSB index of 
;::::lO5 failed a weaning trial. 

Baumeister et al. [7] evaluated the applicability of CROP and RSB indexes to 
intubated children. Of the 47 sets of patients studied 38 were successfully 
weaned and remained extubated for 24 h while 9 failed a trial of extubation. In 
this paediatric study a number of important modifications were made to obtain 
the measurements required to calculate the indexes. Vt was taken from the 
measurement made by the ventilator during spontaneous breathing. Continued 
attachment to the ventilatior was justified by the excess effort children have to 
make while breathing through narrower endotracheal tubes compared to 
adults. Therefore, to reduce this mechanical resistance Vt was measured while 
children were attached to the ventilator. Furthermore Vt was corrected for 
weight. Dynamic compliance was corrected for weight too. Weight correction 
was justified because of the wide age range of the paediatric population con
sidered in practice and also in the reported study. No time limits were set to de
termine a MIP and airway occlusion continued only until MIP occurred. A 20 
sec wait was considered too long for infants and airway occlusion was stopped 
when an MIP was obtained, usually within 12-15 seconds. Respiratory rate in
cluded spontaneous and mechanical breaths and percentile age correction for 
RR was also made. Measurements were time-averaged over 5-10 minutes. 
Baumeister at al. [7] concluded that the modified CROP and RSB indexes were 
useful predictors of successful extubation in the paediatric population. CROP 
more so than RSB. CROP cutoff values of ;::::0.1 ml-1 • mmHg-1 • bpm-1 • kg-1 

would predict successful extubation with a specificity, sensitivity, positive and 
negative predictive value of 1.0 each. RSB cutoff values of ~11 bpm-1 • ml-1 • 

kg-1 predicted successful extubation with a specificity of 0.779, a sensitivity of 
0.789, a positive predictive value of 0.938 and a negative predictive value of 
0.467. The opposite occurs in adults where RSB was found to be a more accu
rate predictor of successful extubation than CROP, once again emphasizing the 
importance of not extrapolating data from adult studies onto the paediatric 
population. 

However, the validity of these indexes as a predictor of successful extubation 
is not universally accepted. Khan et al. found that neither CROP nor RSB pre
dicted successful extubation [17]. However, this group determined the indexes 
as described for the adult study and not as modified by Baumeister at al. [7]. In 
contrast, Khan et al. [17] found that extubation failure rate increased signifi
cantly with decreasing Vt and increasing FiOz, mean airway pressure, oxygena
tion index, fraction of total minute volume from the ventilator, and peak venti
lator inspiratory pressure. Other indices which were supposed to predict out
come did not reach significance. 

Once these indexes are set and accepted, how practical is to derive them and 
how frequently will they be used and, above all, are they really worth bothering 
about? Esteban et al. demonstrated that, despite numerous elaborate methods of 
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weaning, the oldest and simplest one consisting in just using a T-piece for in
creasing periods was still a valid weaning method in adults [3]. 

Modes of weaning in children 

Synchronized intermittent mandatory ventilation and pressure support 

Patient-triggered modes such as synchronized intermittent mandatory ventila
tion (SIMV) and pressure support ventilation (PSV) have been widely used in 
adults to support ventilation while weaning. With many early ventilators, be
cause of the time delay between triggering a breath and actually getting the vol
ume, the WOB increases. Therefore, a contino us flow system with a demand 
flow system was developed for most paediatric ventilators. However, in children 
over 15 kg, due to the relative large tidal volumes required, the Vt can exceed 
that delivered by the continuous flow through the circuit and thus a negative 
pressure can be generated during inspiration, which further increases the WOB. 
PSV reduces the WOB by shortening the response time for the delivery of the re
quired tidal volume and provides the appropriate tidal volume at the predeter
mined pressure. Tokioka et al. demonstrated that PSV can effectively augment 
spontaneous breathing and reduce the work of breathing in children [18]. The 
use of SIMV plus PSV is thus increasing when weaning children. In many units 
it is now common practice to wean children from an SIMV rate of 5-10 bpm to 
PSV of 5-10 cmHzO above a positive end expiratory pressure (PEEP) of 5 
cmHzO without a backup rate, to wean the peak inspiratory pressures (PIP) 
down to 5-10 cmHzO and then extubate without going through a continuous 
positive airway pressure (CPAP) phase. 

Patient-triggered ventilation 

In a small group of neonates patient-triggered ventilation (PTV) with peak in
spiratory pressures of 10 or 15 cmHzO reduced the WOB of respiratory muscles 
by 40% compared to similar levels provided by intermittent mandatory ventila
tion (IMV) [19]. The authors conclude that PTV may be a possible way of wean
ing neonates from mechanical ventilation by reducing inspiratory pressures. 
PTV is a semantic definition and is in practice the same as PSV. 

Continuous positive airway pressure 

This mode of weaning is still popular when weaning children, infants and 
neonates. Levels of 5-8 cmHzO are commonly used. The tendency to use contin
uous positive airway pressure (CPAP) for long periods is hard to resist to, but in 
our practice we limit to 4 h the duration of CPAP when used in a weaning mode. 
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If a decision cannot be made to extubate the child within this time then formal 
ventilation with a set rate is reinstitued. 

Conclusions 

Studies from the adult literature suggest that to optimize the weaning process all 
patients receiving mechanical ventilation should be assessed daily with the aim 
to identify those capable of breathing spontaneously. There are number of in
dexes which give a reliable prediction of success, CROP and RSB in particular. A 
short trial of spontaneous breathing should be undertaken and then, if the trial 
is successful, extubation should follow immediately. In adults Esteban et al. have 
demonstrated that trials of spontaneous breathing either through a T-tube or 
with pressure support of 7 cmH20 are equally effective at determining success
ful extubation [20]. The implication being that all other newer and more so
phisticated forms of wean are not better than a simple T-piece. The duration of 
the trial should be 30 min. The time has come to develop similar guidelines and 
protocols for weaning in the paediatric population. 
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Chapter 12 

Fetal anaesthesia for surgery 

J. HAMZA, L. SIMON, P. SACQUIN 

After extensive experimental study, fetal surgery has been undertaken in humans 
in a very few centers in the world [1, 2]. The purpose of this surgery is to correct 
a malformation before its effects have definitively compromised neonatal and fe
tal prognosis. Examples of this concept are the surgical correction of congenital 
diaphragmatic hernia [3-5] or bilateral hydronephrosis [6]; both of these condi
tions have been successfully treated before birth in some human fetuses. 

Moreover, other diagnostic or therapeutic procedures can now be performed 
in the fetus and could generate fetal pain requiring adequate anaesthesia or anal
gesia of the fetus. 

The implied roles of the anaesthetist in a fetal surgery program are the fol
lowing [7, 8]: a) maternal safety; b) the need for adequate uterine relaxation 
which is essential for surgery; c) fetal anaesthesia as the fetus is the primary pa
tient; d) intraoperative fetal monitoring, ensuring fetal well-being throughout 
surgery; and e) the need for adequate postoperative tocolysis to avoid preterm 
labor and fetal wastage. 

Maternal safety 

One of the major risks of general anaesthesia during late pregnancy is difficult 
intubation, which remains the primary cause of maternal death associated with 
general anaesthesia in obstetrics. It is therefore essential that the anaesthetist 
evaluate the risk of difficult intubation during a preoperative consultation. 

The second potential risk is the inhalation of gastric contents. It is therefore 
necessary to prevent this complication with the administration of non particular 
antacids before the induction of general anaesthesia and with the use of a rapid
sequence anaesthetic induction with Sellick's maneuver, thus avoiding the risk of 
inhalation in case of gastroesophageal reflux. 

The third risk is aortocaval compression syndrome, leading to a decreased 
venous return to the right ventricle and an increased risk of maternal arterial 
hypotension during anaesthesia. It can be associated to a certain degree of aor
tic compression, contributing to a decrease in utero placental flow and, there
fore, to fetal asphyxia. It is therefore essential to prevent this aortocaval com
pression syndrome by the displacement to the left of the gravid uterus with a 
rolled blanket slipped under the right hip, or by tilting the operation table to the left. 
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Preoperative evaluation of these patients therefore has to be particularly care
ful: it should include the search for a previous cardiovascular problem complet
ed by an ECG and maternal cardiac ultrasonography. Information about previ
ous haemorrhage or blood transfusions and a complete blood typing and 
grouping with cross-match are mandatory as is immediate availability of blood 
products. In addition, information about previous thrombosis is particularly 
important because of the increased postoperative thromboembolic risk in preg
nant women. Asymptomatic urinary tract infection is detected systematically 
before surgery and antibiotic prophylaxis is adapted to the bacterial flora found 
in vaginal smears. 

Premedication with benzodiazepines is important to alleviate maternal anxi
ety, given the particular affective context of this type of surgery. This allows the 
patient to arrive relaxed in the operating room, which is useful to site the epidur
al catheter for postoperative analgesia under the best conditions. 

After correct positioning of the patient, avoiding aortocaval syndrome and 
oxygenation by inhalation of 100% oxygen for 3 min, we use a rapid-sequence 
induction with thiopental (6 mg/kg) and succinylcholine (1.5 mg/kg) 2 min af
ter a bolus intravenous dose of fentanyl (2 to 3 Ilg/kg). An endotracheal tube 6.5 
or 7 mm in diameter is gently passed through the vocal cords, sometimes after 
local anaesthesia of the glottis to avoid a maternal stress response to endotra
cheal intubation which can compromise fetal oxygenation. We use controlled 
ventilation with 100% oxygen in order to optimize fetal oxygenation throughout 
surgery. 

Maternal monitoring consists of continuous ECG, noninvasive arterial pres
sure, and pulse oximetry to continuously record the maternal oxygen arterial 
saturation. Capnography connected to the expiratory limb of the circuit allows 
to monitor end-tidal DC02 while the monitoring of end-tidal concentrations of 
halogenated agents allows rapid controlled variations in the administration of 
these agents to the mother. Finally, invasive, continuous monitoring of arterial 
pressure with a radial arterial catheter seemed necessary to rapidly assess the 
variations in maternal arterial pressure induced by frequent changes in the con
centration of the halogenated agent used. 

Fetal surgery 

Hysterotomy and fetal extraction stimulate uterine contractility. It is essential to 
obtain an optimal relaxation of the uterine muscle just before fetal extraction 
[2]. The utero relaxant effect of the halogenated agents is well known and there is 
a close relationship between the alveolar concentration of the halogenated agent 
and depression of uterine contractility [9, 10]. This goal necessitates high alveo
lar concentrations, substantially greater than the maternal MAC (minimum 
alveolar concentration) in the third trimester of pregnancy [11]. Later we will 
see the problems induced by the utilization of such high concentrations. 

The unique problem posed by fetal surgery is that the fetus must be anaes-
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thetized, in contrast to the classic situation of the Cesarean section where the ob
jective is to avoid fetal depression. Considering this objective, several remarks 
have to be made. Thiopental rapidly crosses the placental barrier, but the peak 
plasma concentration in the umbilical artery is reached 3 min after injection, in
dicating an early redistribution to the maternal circulation. The association of 
thiopental with nitrous oxide is associated with fetal hypoxia, probably resulting 
from insufficient anaesthesia [12]. Fentanyl is highly liposoluble and easily 
crosses the placenta. However, the peak concentration, obtained in 1-2 min, de
creases very rapidly to lO% of the peak value 15 min after maternal administra
tion. Finally, the muscle relaxants used cannot induce fetal curarization because 
succinylcholine has a low liposolubility and therefore has difficulty crossing the 
placenta. This also applies to nondepolarizing agents such as vecuronium bro
mide whose transplacental passage is very low. In contrast, halogenated agents, 
having a high liposolubility and a low molecular mass, can easily cross the pla
centa. Fetal uptake is important [13], with an umbilical vein/umbilical artery ra
tio of 2.9 and a fetal cerebral concentration of halothane that increases rapidly. 
This probably explains why the arterial concentration of halothane sufficient to 
prevent the reaction of the fetus to a painful stimulus is much lower than the 
maternal arterial concentration. In an animal model (monkey), this resulted in a 
theoretical fetal MAC that is approximately 50% of the maternal MAC [14]. 
High concentrations of the halogenated agents used for uterine relaxation in fe
tal surgery are therefore sufficient to anaesthetize the fetus. It is probably why 
some medical teams do not use any other method of fetal anaesthesia than the 
halogenated agents administered to the mother. 

Our attitude was, in contrast, to complete this anaesthesia by giving drugs di
rectly through the umbilical vein. Indeed, in the animal experimentation, we 
observed several cases of imperfect fetal immobility with the use of halogenated 
agents alone [3]. Before fetal exteriorization, we injected vecuronium (0.1 
mg/kg) in the umbilical vein, as we know from our experience of in utero fetal 
transfusions [15] that fetal paralysis can be obtained for 2 h, thus exceeding the 
duration of fetal surgery. We also decided to inject fentanyl (10 flg/kg of esti
mated fetal weight) in the umbilical vein at the same time. Indeed, it has been 
well demonstrated by the work of Anand that the premature neonate felt pain 
due to the surgical intervention [16] as judged by the stress reaction. In addition, 
the postoperative neonatal morbidity was less important in a group of prema
ture babies who received sufficient analgesia by 10 flg/kg of fentanyl [17]. There
fore, we believe that the fetus submitted to fetal surgery had to undergo the same 
stress and would benefit from the same analgesic protocol. 

Avoidance of perioperative fetal hypoxia 

Fetal monitoring is essential during fetal surgery. It includes the monitoring of 
fetal heart rate throughout surgery, a pulse oximeter fixed to the fetal foot, a 
Doppler probe for monitoring the umbilical flow and a thermal probe to mea-
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sure the rectal temperature of the fetus so as to avoid hypothermia. In addition, 
we measured blood gases and the hemoglobin concentration in the umbilical 
vein at the beginning and at the end of surgery. Some perioperative problems 
can affect the fetus, particularly maternal arterial hypotension, which can de
crease uteroplacental blood flow. Indeed, the use of high concentrations of halo
genated agents led to a dose-dependent decrease in the maternal arterial pres
sure and cardiac output [18, 19]. Beyond a certain threshold, these haemody
namic events can lead to a decrease in the uterine blood flow with the progres
sive development of fetal hypoxia, as detected by a decrease in the fetal oxygen 
saturation [19]. 

Animal studies of fetal haemodynamics during prolonged maternal adminis
tration of high concentrations of halogenated agents have shown a 30% decrease 
in the fetal arterial pressure [18, 20] without increase of the fetal heart rate, re
flecting the abolition of the fetal baroreflex mechanism by the halogenated 
agents. However, a study by Biehl et al. [20] has shown that, despite arterial hy
potension, fetal regional flows (myocardial, cerebral, placental) were preserved 
in the fetus, even after prolonged use of high concentrations of halogenated 
agents. In cases of maternal arterial hypotension, it is necessary to verify the ab
sence of aortocaval compression, to decrease the concentration of halogenated 
agents, to increase maternal vascular expansion with crystalloids (Ringer Lac
tate), and to inject bolus doses (5-10 mg) of ephedrine. 

The second most frequent problem is uterine hypertonia, especially during 
fetal extraction and the reinsertion of the fetus in the uterus. It is then necessary 
to rapidly increase the concentration of halogenated agents to obtain a rapid 
uterine relaxation. 

Finally, if fetal bradycardia and/or hypoxia ensue, we rapidly search for a me
chanical cause: umbilical cord compression, compression of the inferior vena ca
va by the fetus requiring immediate correction, or uterine hypertonia justifying 
the increase of concentrations of halogenated agents. Sometimes bradycardia is 
due to maternal hypotension or maternal hypoxia that would be immediately 
detected by the pulse oximeter, or to maternal hypocapnia due to excessive hy
perventilation that can decrease the uteroplacental blood flow. Finally, fetal 
bradycardia due to overdosage of halogenated agents cannot be excluded, par
ticularly in the presence of pre-existing fetal hypoxia: fetal haemodynamic adap
tation to hypoxia, especially redistribution of cardiac output in favor of cerebral 
blood flow, could be altered in the presence of high concentrations of halo
genated agents [21] although such a result was not reported in another study 
[22]. 

Ensuring postoperative maternal comfort and fetal safety 

Maternal analgesia is an essential goal of the postoperative period, not only for 
maternal comfort, but also for fetal safety, as maternal stress due to untreated 
pain can decrease the uteroplacental blood flow [23]. It is for that reason that we 
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think, with others [7], that epidural morphine (5 mg) administered postopera
tively is important as it ensures a very good quality of analgesia. 

Because of the thromboembolic risk in the postoperative period we prescribe 
subcutaneous low-molecular weight heparin while the patient is confined to bed 
so as to prevent a premature delivery. 

Tocolysis presents the most difficult problem in the postoperative period. An 
i.v. infusion of salbutamol is generally used under cardiac monitoring (ECG, pul
monary auscultation) to detect complications, especially pulmonary oedema that 
can be prompted by excessive fluid administration during surgery [8]. Finally, in
domethacin treatment, begun in the preoperative period, is continued for sever
al days postoperatively and required fetal cardiac ultrasonographic examinations 
to detect premature closure of the ductus arteriosus as early as possible [24]. 

In conclusion, the role of the anaesthetist during fetal surgery is focused on 
three goals: 
1. to ensure maternal security and optimal maternal comfort; 
2. to remain vigilant during the entire perioperative period of all factors which 

might compromise fetal oxygenation, in order to correct them immediately; 
3. to ensure jointly with the obstetrician an optimal tocolysis during surgery 

and the postoperative period, avoiding excessive dosages that could have a 
deleterious effect on maternal haemodynamics and, therefore, on fetal oxy
genation. 
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Chapter 13 

Effects of anaesthesia/analgesia techniques 
in mother and child 

M.ZAKOWSKI 

Epidural analgesia produces many beneficial and a few potentially nonbeneficial 
effects in the mother or the fetus. Recently, possible nonbeneficial effects of 
epidural analgesia have received much attention in the scientific and lay press. 
We have examined the scientific validity of some of these concerns. 

Epidural analgesia has been acknowledged by the American Society of Anaes
thesiologists and the American College of Obstetricians and Gynecologists as 
providing the most effective method of pain relief during labor. Beneficial "side 
effects" of epidural analgesia include: decrease in maternal catecholamine levels 
[1], decrease in metabolic demands on the mother [2], improve in increase in
tervillous blood flow in pre-eclamptics [3], and decrease in maternal and fetal 
metabolic acidosis [4, 5]. Parturients with regional anaesthesia had a signifi
cantly reduced mortality rate from anaesthesia compared to general anaesthesia 
[6]. A parturient who had an emergency cesarean delivery for fetal distress with 
an epidural had a 1I16th chance of anaesthesia-related mortality compared to 
general anaesthesia. 

The effect of epidural analgesia on maternal temperature during labor has re
cently received a lot of attention. Although epidural analgesia has been noted to 
increased maternal temperature slightly, the effect on the neonate has not been 
fully addressed. Unfortunately, no study examining temperature has random
ized the type of maternal analgesia, and many studies do not even state what 
medications were administered via the epidural. 

Cam ann et al. found that epidural analgesia increased maternal temperature 
after 5h of analgesia [7]. Parturients were free to choose type of analgesia (sys
temic narcotic, epidural). Women who chose epidural analgesia received 0.25% 
bupivacaine 8-12 ml to initiate analgesia and were randomized to receive 0.25% 
bupivacaine with or without fentanyl 2 flg/ml for continuous infusion at 10 
mllh. Oral temperature correlated with tympanic membrane temperature 
(r=0.61, p<O.OOl). There was a very weak, albeit statistically significant, correla
tion between fetal heart rate and maternal temperature (r=O.22, p<0.005). How
ever, no patient had signs of infection, chorioamnionitis, or sepsis. In addition, 
the maximum degree of temperature elevation was < 1 DC, and patients remained 
below 38DC. 

Fusi et al. found that maternal temperature started to rise after 6 h of epidur
al analgesia [8]. The maternal temperature rose 1 DC in hour 6-13 of study. Again, 
parturients were not randomized, and more primigravidas chose epidural anal-
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gesia. Epidural analgesia was produced with 0.375% bupivacaine, intermittent 
dosing. Room temperatures were kept warm, on average at 25°C, with tempera
tures an average 0.5-0.7°C warmer in rooms where patients received epidural 
analgesia. Oral and vaginal temperature were well correlated (r=0.81, p<O.OOl). 
Higher vaginal temperature correlated with a higher fetal heart rate. The maxi
mal mean vaginal temperature observed in the study, 37.6°C, was related to an 
average fetal heart rate of 160. Maternal fever was defined as oral temperature 
>37.5°C. It is interesting to note that the mean oral temperatures remained be
low 38°C in the 12 h of study. Further, no patient with fever developed bacterio
logical evidence of vaginal, uterine, or urinary tract infection. They postulated 
that the increased temperature was due to the result of vascular and thermoreg
ulatory modifications induced by epidural analgesia. 

Herbst et al. found that maternal fever was associated with nulliparity, a long 
duration of labor and epidural analgesia in a retrospective case control study [9]. 
In a matched-pair segment of their study, rupture of membranes longer than 24 
h, latency phase longer than 8 h, admission temperature of 37.5-37.9°C, and 
epidural analgesia were independent risk factors for maternal fever. Although 
maternal fever was defined as a temperature of at least 38°C, all temperatures in 
this study had 0.5°C added to "correct" for oral measurements. Most fevers were 
for a short duration and occurred at a late stage of labor. The duration of fever 
was similar in the epidural and no-epidural groups (2.6 and 2.3 h, respectively) 
[9]. Importantly, none of the 250 parturients with fever during labor had a seri
ous infectious complication. This occurred in spite of only 79/250 receiving an
tibiotics for fever. Is this marker, maternal fever of 37.5 DC, clinically significant? 

In a retrospective analysis by Vinson et aI., the duration of epidural analgesia 
correlated with maximum maternal temperature, increasing O.07°C/h (0.05°Clh 
after adjustment for duration oflabor) [10]. The authors also claim a trend was 
seen in the newborn's first temperature ($30 min of life), although it was not 
statistically significant. In a prospective segment of their study, the maximum 
maternal (tympanic) temperature in the epidural and no-epidural groups were 
37.5°C and 37.2°C, respectively. Parturients in the prospective group received 
bupivacaine for loading and a bupivacainelsufentanil infusion for epidural anal
gesia. There was no difference in the incidence of epidural analgesia in mothers 
of infants who were febrile (51 % vs 46%, respectively, p=0.6). When the authors 
controlled for the duration of labor, the duration of epidural analgesia was no 
longer a significant factors for newborn's first temperature. Parturients who re
ceived epidural analgesia tended to have lower parity and longer labor than 
those who did not. Antibiotics or diagnostic procedures performed in the 
neonate for fever (37SC, n=12) were equally distributed in the epidural and 
non-epidural groups. Only 4/600 infants were septic or presumed septic, two 
each in the epidural and non-epidural groups. 

Lieberman et al. started a controversy over epidural analgesia, intrapartum 
fever, and neonatal sepsis evaluations [11]. Her group found a much greater in
cidence of fever in parturients receiving an epidural compared to parenteral nar
cotics alone (14.5% and 1 %, respectively). The incidence of maternal fever in-
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creased with duration oflabor in the epidural group, but not in the non-epidur
al group. Correspondingly, the rate of neonatal sepsis evaluations increased in 
the epidural group. The retrospective database used for this study was created 
prospectively to study the active management of labor [12]. Thus, many con
founding variables were not controlled for. Epidural analgesia was not part of 
the original study protocol and was administered in the active and routine man
agement of labor groups at the request of the patient. Women requesting 
epidural analgesia were more likely to have induced labor (28% vs 12% sponta
neous labor), had labors about 6 h longer, and slightly greater but statistically 
significantly increased gestational age and mean birth weight. In addition, sig
nificantly more women in the nonepidural group received active management 
of labor, which shortened labor by almost 3 h in the original study, with a lower 
rate of fever (7% vs 11%) [12]. The association of fever and epidural use re
mained after logistic regression analysis controlled for these factors. However, 
statistical methods do not correct for any underlying bias introduced by a retro
spective design. The duration of labor was increased in women who chose 
epidural for pain relief. In marked contrast, Bofill et ai. found no difference in 
the length of first or second stages of labor between the epidural and parenteral 
narcotic groups [13]. This prospective study by Bofill et ai. not only randomized 
the type of analgesia but also rigidly controlled the management of labor [13]. 

In the study by Lieberman et aI., neonatal sepsis evaluations were more fre
quent in the epidural group than in the nonepidural group (34% vs 10%) and in
fants were more likely to receive antibiotics (15% vs 4%) [11]. However, maternal 
fever was the indication for only 33% of the neonatal evaluations for sepsis. The 
risk factors for evaluation of sepsis included rupture of membranes> 12 h, ma
ternal white blood count> 15 OOO/mm3, lower levels of intrapartum temperature 
elevations, and neonatal symptoms at the time of delivery. These criteria led to 
25% of all infants at their institution being evaluated for sepsis. Even more im
portantly, only four of the 416 infants evaluated for sepsis actually had sepsis! 
Clearly, the clinical and diagnostic criteria of neonatal evaluation for sepsis need 
to be redefined. I can think of no place in medicine where a 1 % specificity level is 
acceptable. Finally, the authors do state that "criteria for neonatal sepsis evaluation 
and antibiotic treatment should be re-examined, perhaps using a higher fever 
threshold for women with epidural". Other studies have included such diagnostic 
criteria as the presence of meconium and signs of infected amniotic fluid. 

Mayer et ai. found an increased antibiotic administration associated with 
epidural analgesia in labor [14]. In this retrospective review (n=300) of a com
puterized perinatal database, the incidence of intrapartum fever (oral tempera
ture ~37.8 0c) was 2%,16%, and 24% in women who received parenteral nar
cotics, epidural analgesia (drugs not specified), or narcotics followed by epidur
al analgesia, respectively. Only ten patients had positive intrapartum cultures of 
placental pathology showing chorioamnionitis, although the criteria for per
forming cultures and pathologic examination were not defined. Indeed, based 
on information presented in their Table 2, significantly more patients in the 
epidural and narcotics-epidural group received an intrauterine pressure 
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catheter. No parturient with proven chorioamnionitis had temperature eleva
tion as an isolated finding! The implications of this study for clinical manage
ment is significant. The authors conclude: "Rather than treating all women with 
temperature elevations and epidurals for presumed chorioamnionitis, it is rea
sonable to target treatment to those with fetal tachycardia, meconium stained 
fluid, or abnormal amniotic fluid studies" [14]. 

The diagnostic criteria for intra-amniotic infection has been suggested as 
fever >37.8 DC, ruptured membranes, and two or more of the following: mater
nal pulse> 100, fetal heart rate> 160, uterine tenderness, malodorous amniotic 
fluid, white blood cell count> 15 000, and no other site of infection [15]. Testing 
of amniotic fluid for glucose and gram staining and culture have also been sug
gested (see above). 

There are many possible explanations for a temperature rise following sever
al hours of epidural analgesia. Painful labor results in hyperventilation, which 
may lower oral temperature and increase heat loss. Sympathetic blockade of the 
lower extremities may block sweating, reducing heat loss. Shivering is fairly 
common after epidural drug administration and may be related to the tempera
ture of the injectate [16]. The response of nursing staff may also be important. 
Sponging patients or covering them with layers of blankets in the presence of 
shivering, even though the patient does not feel cold may decrease heat loss and 
encourage pyrexia. 

There are many problems inherent to a retrospective study design. Many fa<;:
tors are not controlled for, and multiple logistic regression cannot exclude all 
bias introduced with a retrospective study. Factors which may influence the 
measured outcome cannot be controlled for. Infection may cause painful but in
efficient contractions [9]. The relationship between epidural analgesia and ma
ternal fever may be confounded by labor dystocia, with the prolongation of la
bor resulting in more requests for epidural analgesia and an increased chance of 
fever and neonatal problems [17]. Epidural analgesia may be a risk marker 
rather than a risk factor for fever during labor [9]. 

In summary, epidural analgesia may increase maternal temperature to a small 
degree (O.S°C) in prospective, randomized trials. Whether women who request 
epidural analgesia have more painful labors because of a pre-existing uterine 
process (i.e., dystocia or infection) remains to be adequately studied. Epidural 
analgesia may be a risk marker for other processes during labor, including in
creased maternal temperature. Certainly, there is no increase in maternal infec
tion or documented sepsis in infants of mothers who receive epidural analgesia, 
even for prolonged periods. The criteria for neonatal sepsis evaluation requires 
further investigation to yield a higher specificity and sensitivity rate. 
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Chapter 14 

Maternal complications 

G.ZANCONATO, L. FEDELE 

Throughout the mean 40-week duration of a pregnancy, woman's life and that 
of her baby may be at stake. The threats to feto-maternal wellbeing may origi
nate from the changes that pregnancy induces upon the maternal organism, may 
be facilitated by pre-existing maternal disease, or may be due to pathological 
processes of the fetoplacental unit. Whatever the reason, complications can be 
severe, at times developing rapidly. 

Events that may complicate an otherwise normal pregnancy, as we all know, 
are also related to gestational age: ectopic pregnancy and trophoblastic disease 
are clearly an issue in the first half of pregnancy. Later on, in the second half of 
pregnancy, from 22 weeks on or so, just to name one of them, hemorrhage due 
to placental abrupt ion with subsequent disseminated intravascular coagulation 
(DIe) may occur. At times, primarily the fetal life is in jeopardy: this is typically 
the case of a premature rupture of membranes or of a preterm delivery. 

One could go on, and list the numerous pre-existing maternal diseases such as 
diabetes, hypertension, cardiovascular disease which coincidently complicate the 
pregnancy. All of these medical conditions, although well controlled, may un
dergo decompensation because of the important physical changes occurring in 
pregnancy. 

Having said that, it is quite obvious that maternal complications represent a 
complex universe into which it is rather difficult to bring order, even if just for 
scholastic purposes. 

An exhaustive list of such complications is bound to be a very long one. 
Therefore, it is worth focusing on some of them, starting from those that are 
most dangerous for the woman's life and that, because of this, can be found as 
leading causes of maternal death. 

Maternal complications which can lead a pregnant woman to death are well 
known. They are responsible for a toll of 26 lives every 100 000 live births in the 
industrialized world [1]. Embolism, hypertensive problems with eclamptic cri
sis, and bleeding are the most common etiological factors. These are direct caus
es of maternal death, of obstetric nature in the true sense of the term. 

Only in rare circumstances we have to deal with cases of septic abortion and 
infectious disease such as malaria, which instead claim hundreds of thousands of 
lives yearly in the developing world. Ectopic pregnancy, too, has become pro
gressively less important as a maternal mortality cause in our countries, while 
being still a dramatic threat in developing countries. 
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As stated during the 1997 APICE Course [2], anaesthesia is not a major cause of 
maternal death anymore either, and it has been suggested that one should focus on 
hypertensive disorders, thromboembolism, and hemorrhage. In confirmation of 
this, among the figures concerning the admitting diagnosis at the intensive care 
unit (ICU) presented in 1997 [3], it has been emphasized that the most frequent 
obstetric causes for admission to the leu were hypertensive disorders, with associ
ated complications such as renal failure, placental abruption, and coagulopathies. 

Deep vein thrombosis and pulmonary thromboembolism 

The estimated incidence of deep vein thrombosis (DVT) in pregnancy is 0.05% 
to 1.8%, increasing to 2.2%-3% following cesareansection [4]. Thromboembol
ic (TE) complications occur antepartum (more in the first and second trimester) 
as often as postpartum, with known risk factors such as age over 35 years, as 
shown in the Table 1. 

Table 1. Risk factors for thromboembolism 

• Age >35 years 
• Multiparity 
• Obesity (>80 kg) 
• Gross varicose veins 
• Current infection and current major illness 
• Pre-eclampsia 
• Immobility prior to surgery 
• Major pelvic or abdominal surgery 
• Personal or family history of deep vein thrombosis, pulmonary embolism or thrombophilia 
• Patients with antiphospholipid antibody 

TE contributes substantially to mortality and morbidity in obstetric and gy
necologic practice. The clinician must be aware of the risk factors for TE, as they 
are often present in patients who go on to develop deep vein thrombosis and 
pulmonary TE. 

The diagnosis of deep vein thrombosis is crucial as pulmonary TE may occur 
in untreated DVT patients: it is noteworthy that many patients dying from pul
monary thromboembolism (PTE) do so without the preceding DVT being di
agnosed [4]. 

The risk of DVT can be reduced by appropriate thromboprophylaxis with 
agents such as low-dose heparin and graduated elastic compression stockings 
employed in patients with risk factors. 

Amniotic fluid embolism 

Amniotic fluid embolism has an estimated prevalence of one out of 8 000 to one 
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out of 80 000 births, with a maternal mortality rate of approximately 50%-60% 
and a high rate of long -term neurologic deficits among survivors [5]. 

It has recently been suggested that it should be considered as an anaphylac
toid syndrome of pregnancy, to emphasize that the clinical findings are sec
ondary to biochemical mediators rather than pulmonary embolic phenomenon. 

The following five clinical signs often occur in sequence: respiratory distress, 
cyanosis, cardiovascular collapse, hemorrahge and coma. 

Airway control and treatment of shock in the early phase need to be put into 
effect. There is a high likelihood that coagulopathy will develop and therefore 
supportive coagulation and volume therapy with blood and fresh frozen plasma 
should be administered as soon as possible. 

Pre-eclampsia 

Pre-eclapmsia is likely the result of a disturbance of placentation, that is, of 
uteroplacental arterial insufficiency. 

In the clinical evolution of this pathological process an intermediate phase 
can be identified: the phase of maternal compensation to the placental ischemia 
with greater involvement of the cardiovascular, uropoietic, hepatic and coagula
tion systems [6]. When the compensation phase exceeds the systems' capacities, 
the critical situation of potentially fatal tertiary pre-eclampsia may develop in 
the woman (Table 2). 

Cerebral hemorrhage, liver involvement, and disseminated intravascular co
agulopathy are responsible for the maternal deaths related to hypertensive dis
orders in pregnancy. 

Table 2. Tertiary pre-eclampsia manifestations 

o Eclampsia 
o Cerebral hemorrhage 
o Cerebral oedema 
o Retinal detachment 
o Pulmonary oedema 
oDIC 
o HELLP syndrome 
o Acute renal failure 
o Subcapsular hematoma of the liver 

DIC, denominated intravascular coagulopathy; HEELP, hemolysis, elevated liver enzymes, 
low platelets 

Hemorrhage 

Hemorrhage in obstetric patients represents an acute and dramatic problem. 
Risk factors for an obstetric hemorrhage greater than 1000 cc are placental 
abruption, placenta previa, multiple pregnancy, and retained placenta. The situ
ation can be worsened by DIC, which is the activation of the coagulation cascade 
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in response to the presence of large amounts of tissue phospholipids (Table 3). 
Such conditions also include retained dead fetus and amniotic fluid embolism. 

Table 3. Stimuli for DIC in obstetrics 

Condition Mediated by 

• Pre-eclampsia 
• Hypovolemia Endothelial damage 
• Sepsis 

• Placental abruption 
• Amniotic fluid embolism 
• Retained abortion Thromboplastin 
• Intrauterine sepsis 
• Throphoblastic disease 
• Placenta accreta 

• Intravascular hemolysis 
• Fetomaternal hemorrhage 
• Sepsis Phospholipids 
• Incompatible blood transfusion 

The conditio sine qua non of successful management of DIe is treatment of the 
initiating event. Once the cause has been identified and treated, the process can be 
solved with replacement of essential factors contained in fresh frozen plama. 

Other maternal complications exist whose implications for the mother's 
health are more benign than those mentioned above, but which are still very se
rious in terms of fetal prognosis. 

Such is preterm labor, and undoubtedly, the preterm premature rupture of 
membranes. 

The birth of a premature baby is still the principal cause of perinatal mortal
ity and morbidity. Despite abundant new knowledge about the factors that un
derlie preterm birth, 8%-9% of births still occur before 37 weeks' gestation, and 
1 %-2% of births that occur before 32 weeks account for half the perinatal deaths 
[7]. Risk factors have been identified with genital infection, abnormal cervical 
function, physical exertion, sexual activity, uterine volume and contractility, and 
even vaginal bleeding. 

Obstetricians have treated the incompetent cervix and have administered 
drugs to inhibit labor, antibiotics to avoid infection, and corticosteroids to re
duce the neonatal consequences of prematurity. This has reduced the neonatal 
morbidity and mortality, but not the rate of preterm birth. 

When amniotic fluid leakage begins before 37 weeks' gestation, the clinical 
condition is defined preterm premature reapture of membranes (PROM). 

As for preterm labor, several similar risk factors have been associated with a 
higher risk of preterm PROM: genital tract infection, coitus, low socioeconomic 
status, poor nutrition, smoking and bleeding in pregnancy have all been linked 
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to an increased chance of preterm PROM (premature rupture of membranes). 
Intrauterine infection is a potentially serious complication to the mother, 

and, in fact, a clinical diagnosis of chorioamnionitis accompanies preterm 
PROM in approximately 10% of cases. 

Although amnionitis usually responds well to antibiotic administration and 
delivery, maternal deaths from sepsis do occur. 

Amnionitis is more common when PROM occurs before 30-32 weeks than 
later in pregnancy. 

As for the mother, infection is a major potential complication for the fetus 
and the neonate, too. Other serious complications include frank or occult cord 
prolapse, placental abruption occurs in 4%-6% of cases; and overall cesarean de
livery is more common for fetal distress in labor and failed induction. 

When women present with preterm PROM very early in pregnancy, as for ex
ample around 26-28 weeks, it is possible to apply expectant management in an 
attempt to delay delivery and reduce the risk of fetal prematurity. This can be 
done by reducing the risk of infection with antibiotic treatment, administering 
steroids to accelerate fetal lung maturation, and treatment with tocolytic drugs. 

It should be noted that ~-mimetic drugs are still the tocolytics of first choice 
since there is no clearly superior agent to suppress uterine contractions. Howev
er, it is important to know that they carry severe risks to the mother, such as pul
monary oedema, and that they have absolute (maternal cardiac disease; severe 
pre-eclampsia or other hypertensive disorders; uncontrolled diabetes mellitus; 
maternal hyperthyroidism) and relative (febrile patient; diabetes, diet or insuline 
controlled; history of severe migraine, headaches) contraindications [8]. 

Among the subjects which deserve special attention because of the implica
tions they carry for fetomaternal wellbeing, one must not neglect the multiple 
gestations, namely, triplet gestations. Without getting into the dramatic prob
lems that are associated with higher-order (four or more) multiple gestations, 
such as the need for selective reduction, it is a fact that the advent of ovulation 
inducing agents and reproductive technologies has led to a tenfold increase in 
the prevalence of triplet pregnancies [9]. 

As a result of both the physiologic changes seen with triplet gestations, such as 
uterine sovradistension, and the treatments used, such as prolonged bedrest and 
tocolytic use, numerous maternal complications may develop. 

Since the chances of preterm labor are estimated to be very high - in some 
studies as high as 86% - treatment for this complication is often necessary: this 
may mean increased hospitalization and increased maternal complications. 
Among the others, various authors have reported gastrointestinal bleeding after 
indomethacin therapy, pulmonary edema due to i.v. magnesium sulfate, DVT 
with pulmonary embolism because of the prolonged bedrest. Also, postpartum 
uterine atony and consequent hemorrhage caused by uterine overdistension. 
This complication has been frequently seen in some series, often making blood 
transfusion necessary and, in rarer instances, Caesarean hysterectomy. 

Other maternal complications include higher rates of pre-eclampsia and ges
tational diabetes. 
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In conclusion, a triplet pregnancy, like all higher-order multifetal gestations, 
requires intensified surveillance, in order to avoid the more frequently associat
ed maternal complications. The pregnancy, in this case, may exaggerate its ef
fects upon the cardiovascular, hepatic and renal functions, just to name some of 
them. Modern obstetricians, while waiting for the embryo transfer and super
ovulation effects to subside, should be aware that maternal complications may 
have also less familiar etiologies, borne within the daring progress of their own 
profession. 
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Chapter 15 

Asphyxia and hypoxic-ischemic encephalopathy 
in neonates: postnatal interventions 

G. MOTTA, L. GAGLIARDI, P. INTROVINI 

The birth of an asphyxiated neonate is a dramatic event that can affect both 
the probability of survival and the quality of life of the neonate. About 6/1 000 
newborn infants develop asphyxia [1], with a mortality rate of 15%-20% (due 
to a multiorgan failure syndrome and respiratory complications) and a further 
25% probability of later neurodevelopmental sequelae due to hypoxic-is
chemic encephalopathy (HIE) [2]. Even when electronically monitoring fetal 
heart rate, asphyxia is not detected before birth in about 50% of severe cases 
[ 3]. 

Therefore, in recent years research has focused on the mechanisms of brain 
damage after asphyxia, in search of an effective treatment for HIE, but this new in
formation has not translated into clinical practice yet, and some of the promising 
therapies have not proven effective in the clinical arena [4-6]. 

Several excellent reviews are available, describing recent developments in the 
field of understanding the mechanisms of HIE and the possible new therapies 
[7 -13]; this article will briefly summarize some of the more promising findings 
that could translate into clinical practice in the next future, with particular in
terest for clinical references. 

Clinical presentation 

Birth asphyxia is often not preventable [3], and so every hospital must be able to 
guarantee immediate and adequate resuscitation and care of the asphyxiated 
newborn. Symptoms of asphyxia at birth are well known and include hypotonia, 
bradycardia, apnea, pallor, and absence of reflexes. They are classically estimated 
using the Apgar score. All these derangements can be effectively reverted with a 
proper resuscitation; however, prognosis can be poor in spite of an effective and 
rapid resuscitation. 

Neither the Apgar score, which is influenced also by resuscitation maneuvers, 
nor the degree of acidosis are reliable indicators of the severity of asphyxia and 
of the probability of later development of neurologic sequelae [14]. There is no 
good way of rapidly recognizing (in the first days oflife) which neonates willlat
er develop such sequelae [14] that are associated with depletion of energy sub
strates in the hours to days after the hypoxic-ischemic (HI) insult, as demon
strated by nuclear magnetic spectroscopy [15] (see below). 
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Clinically, the severity of HIE during the acute phase can be quantified in 
term neonates with the Sarnat and Sarnat classification [16] (Table 1). This clas
sification is widely used, but requires prolonged observation and cannot be ap
plied in the first days of life. 

Recent data indicate that the evaluation of the so-called "general movements" 
(spontaneous global body movements) is particularly reliable in identifying in
fants who will be neurodevelopmentally handicapped. This mode of assessment 
calls for prolonged, planned, qualitative observation of the pattern of sponta
neous movements of the infant that become altered in perinatal brain injury. 
The results published so far indicate that this elegant technique is simple, total
ly noninvasive, and compares favorably with "classical" neurologic examination 
and neuroimaging data in identifying infants that need other examinations or 
early intervention for brain damage, both in term and preterm infants [17, 18]. 

Pathophysiology 

Asphyxiated infants initially increase their cardiac output, heart rate and arteri
al pressure, with an increase in central venous pressure (CVP) and pulmonary 
flow. The systemic blood flow is preferentially diverted towards the brain, heart 
(coronary arteries), and adrenals. With continuing hypoxia, pH and CVP fall, 
causing a fall in cardiac output and in perfusion, with HI damage. The limited 
ability of the cerebral circulation to autoregulate in neonates (maintain blood 
flow in the face of a falling systemic flow) renders them particularly susceptible 
to hypotension; especially in distal territories, ischemia rapidly ensues. 

The clinical picture is that of a multiple organ failure, and the therapeutic in
terventions tend to break the vicious circle, by restoring oxygenation and perfu
SIOn. 

After the HI event is treated and resolved, however, a delayed secondary in
jury develops. Recent observations indicate a possible "therapeutic window" of 
about 2-3 h after birth for the drugs to be effective in reducing the severity of the 
HIE [13]. 

From a biochemical point of view, this secondary phase is not completely un
derstood, but probably involves cellular injury mediated by excitatory neuro
transmitters, free radical formation and lipid peroxidation, activation of im
mune mechanisms and removal of trophic factors that normally support cell 
survival [9-13]. 

Cells undergo a shift from aerobic to anaerobic metabolism, with impaired 
oxidative phosphorylation and depletion of energy substrates, and formation of 
lactic acid, with subsequent alteration of the Na/K pump. At the cerebral level, 
the release of glutamate and excitotoxic amino acids and their accumulation in 
the synaptic cleft produce entry of excess sodium and water into the cell (lead
ing to cytotoxic edema), and hyperstimulation of N-methyl-d-aspartate (NM
DA) receptors (which open calcium channels). The high Ca concentration in 
the postsynaptic cells stimulates oxidative substances, production of nitric ox-
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ide, and the activation of prot eases and lipases that further damage the cell [7-10]. 
Reperfusion of previously ischemic tissue may also cause the activation of 

the hypoxanthine-xanthine oxidase system and promote the formation of excess 
oxygen free radicals (i.e., superoxide ion, hydrogen peroxide, hydroxyl radicals, 
singlet oxygen) that, when they overwhelm endogenous scavenger mechanisms, 
may damage cellular lipids, proteins, and cell membranes [11, 12]. 

Therapies for birth asphyxia 

Although birth asphyxia is such a common problem, effective therapies are lack
ing. The decrease in mortality and morbidity attributable to asphyxia is due to 
an improvement in general pre- and postnatal care, with a better ability to treat 
cardiac, renal, respiratory, and other organs complications, rather than to an 
improvement in treating HIE per s. In Table 2, commonly used therapeutic in
terventions for severe birth asphyxia are reported. 

Most therapeutic interventions are based on common sense, and some -
though widely used - are not supported by evidence of efficacy. Recently the 
editor of Paediatrics (the official journal of the American Academy of Paedi
atrics) in an article on neuroprotection and perinatal brain care has recalled 
that "present therapies to prevent or treat perinatal brain damage are ineffective" 
[ 19]. Research is very active in this area, but there are several causes of difficulty 
in translating experimental research into clinical research and practice. 

Table 2. Summary of management of severe birth asphyxia 

Immediate management 
• Establish effective ventilation 
• Assist circulation if necessary 

Early management 
• Restrict fluids to 20% less than the normal values for the postnatal age of the baby 
• Monitor blood pressure and treat hypotension vigorously 
• Assess respiratory effort and 

- ventilate if baby is breathing spontaneously with arterial carbon dioxide tension >52.5 
torr (7 kPa) 
- If baby is ventilated, maintain arterial carbon dioxide tension at 30-45 torr (4-6 kPa) 

• if clinical signs of raised intracranial pressure are present, mannitol may be given; corti
costeroids are probably useless 

• Phenobarbital at high doses (40 mg/kg) may be useful 
• Avoid hypo- or hyperglycemia 

Anticonvulsants if 
• frequent convulsions >3 per hour 
• prolonged convulsions lasting ;:::3 min 
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First, the results of experimental studies (in animals) are often contradictory, 
and it is often difficult to understand the clinical relevance of such studies. The 
causes lie in the difficulty of standardizing experimental models; confounding 
variables include the species studied, the time-course of the insult and treat
ment, the preexisting chemical environment of the subject and the effects of 
temperature variations. Adult animal models may not apply to neonates, as as
phyxia in adult animats can exert effects that are different from those in the fetus 
or newborn. 

Moreover, in translating to the human being, beyond ethical concerns, further 
difficulties are encountered. Differences between subjects are greater than in an
imal studies; most of the variables are outside the control of the researcher, and 
all interventions can only be given after the insult, at variable time. 

Moreover, in animal studies the rate of cerebral damage in control animals 
can be as high as 100%; in practice in human studies it is particularly difficult to 
select cotrol groups with such high rates of cerebral injury, making the demon
stration of effect more difficult. 

Another problem is the lack of interest of the pharmaceutical industry. HIE 
seems to be a "therapeutic orphan": in 1997 there were 146 new medicines in de
velopment for children in the USA; only eight of these are for neurologic disor
ders of children, and all are for epilepsy. No therapies for HIE in children are be
ing developed [19]. 

Nonetheless, some interventions (Table 3) [7-13, 20] have attracted some 
interest. 

Some therapies have been tried also in human neonates, but so far with dis
appointing results [4-6], and others are a refinement of old therapies [20]. Two 
interventions, however - namely, the resuscitation of asphyxiated infants with 
room air and the use of moderate hypothermia - are now the focus of particu
lar interest in clinical journals, because of their simplicity and apparent ease of 
use. Because their clinical application is under way, they will be reviewed more 
in depth. 

Table 3. New therapies for hypoxic-ischemic encephalopathy 

• Resuscitation with room air instead of 100% oxygen 
• Moderate hypothermia, whole body or brain only 
• High-dose phenobarbital 
• MgS04 
• Oxygen-free radical inhibitors, allopurinol 
• Calcium channel blockers 
• Inhibitors of nitric oxide production 
• Monoganglioside GM 
• NMDA receptor antagonists (MK80l) 
• Nerve growth factor (IGF) 
• CO2 control 
• SNO S-nitrosohemoglobin 
• Combination of above 



l32 G. Motta, L. Gagliardi, P. Introvini 

Resuscitation with room air 

The Apgar score is a well known and universally used scale to rate the degree of 
"viability" of the newborn. Although its usefulness as a marker of perinatal dis
tress is disputed [14], especially in preterm infants [21], it is useful for guiding 
resuscitation. 

Obviously some items (heart rate, respiratory efforts) are more important 
than others (skin color, reflexes), and if a neonate does not have a good heart 
rate or does not breathe spontaneously, resuscitation maneuvers are immediate
ly begun, without waiting for the first minute to pass. 

The resuscitation maneuvers in the delivery room are well standardized and 
are based on classical ''ABeD'' (airway management, breathing, circulation, 
drugs) of basic life support. The aim is that of trying to "normalize" the disor
ders as soon as possible. The American Heart Association and the American 
Academy of Paediatrics have jointly produced guidelines [22] and a manual [23] 
to be used for field courses of resuscitation that report these standards. An ital
ian translation of the manual hasbeen published and is currently used by the 
Italian Society of Neonatology for field courses aimed at paediatricians and oth
er personnel that work in delivery rooms. 

In particular, manual ventilation with 100% oxygen, with mask and bag or af
ter endotracheal intubation is the standard, in order to obtain a rapid normal
ization of heart rate, color, and other Apgar items. However, no data are available 
to support this long-standing practice. 

In recent years a growing body of knowledge has accumulated concerning the 
possible toxic effect of oxygen administration, because of the formation of un
stable oxygen radicals, especially after a HI insult [11, 12]. In other words, oxy
gen could be detrimental to asphyxiated infants, adding free-radical damage to 
that caused directly by HI. This has led to the suggestion of using room air, in
stead of oxygen, in the resuscitation maneuvers in the delivery room [24]. 

Several studies [25-28] both in animals and in term and preterm human 
neonates have been carried out, including two randomized controlled trials [27, 
28]. Though there are differences in the methodology of the studies, a consensus 
seems to emerge that air is at least as good as 100% oxygen to resuscitate an as
phyxiated neonate. 

Recent studies in the experimental animal (newborn piglets) suggest that bio
chemical markers of intracellular hypoxia and energy depletion such as hypox
antine levels are greater in the cerebral cortex of the animals treated with oxygen 
than in the group treated with air, while the levels are the same in the muscle and 
in plasma [26]. One possible mechanism for this paradoxical response to oxygen 
could be the reduction of cerebral blood flow and of the level of vasodilating 
substances as prostacyclin produced by oxygen inhalation [2,29,30]. 

The studies carried out in human neonates are, however, only short-term 
studies, focusing on the immediate effect of resuscitation maneuvers such as the 
time to first spontaneous breath or the length of manual ventilation in the de
livery room etc., without any long-term (prognostic) study reported to date. 
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These studies are necessary to change a long-standing practice such as using 
100% oxygen in resuscitation, but the data available so far suggest that the pos
sibility could be real. 

Moderate hypothermia 

There is a growing consensus that not only do some cells die during a HI insult, 
but that late damage occurs, and many more cells die in the hours to days after 
the insult has ceased [31-33]. In the 1980s it was shown with magnetic reso
nance spectroscopy studies that asphyxiated newborns have a normal cerebral 
metabolism immediately after resuscitation, but that severe energy depletion 
(impaired oxidative phosphorylation) develops 9-24 h later, even without con
tinuing hypoxia and with a normal acid-base status. The magnitude of this late 
energy depletion correlated well with the severity of neurological impairment 
and reduced brain growth at follow-up [15,32,33]. Recent data have confirmed 
these findings and have shown that cerebral metabolism is disturbed for a long 
period of time (weeks to months) after an HI episode [34,35]. 

This biphasic sequence that occurs in asphyxiated neonates has been well 
studied and characterized in animals. This late damage is associated with de
layed cell death; the mechanisms underlying this phenomenon are not com
pletely clear, but apoptosis (or programmed cell death) is surely an important 
part of it [31, 34]. Histological studies have shown that the death of cerebral cells 
during the late phase of HIE presents the features of apoptosis (the cell shrinks 
and the nucleus becomes small and dense, the plasma membrane invaginates 
with vacuolization, and eventually the cell separates into multiple small apop
totic bodies that are phagocytosed by healthy neighboring cells, without inflam
mation). These are clearly different from what happens in the immediate phase 
where cell death presents with the features of necrosis (the cell swells after an 
overwhelming insult, organelles become disrupted until the cell bursts, spilling 
the cytoplasmic content in the extracellular space, where phagocytes migrate to 
remove the debris with classical signs of inflammation) [31]. 

This has led to the hypothesis that inappropriate activation of the apoptotic 
program contributes (at least in part) to the delayed cell death and has arisen 
some hope in the possibility to break the circle and prevent the late phase of 
cerebral damage. . 

In animals, some interventions applied aft~r a HI insult, including the infu
sion of insulin-like growth factor 1 (IGF-l) [36] and the moderate cooling of the 
brain [37,38], have resulted in amelioration of the cerebral injury. 

Of particular interest, given its simplicity, is the application of moderate hy
pothermia (32°-33°C) to the brain. The idea is not new. As Edwards et al. note, 
"to many people, especially writers of science fiction interested in preserving 
brains for narrative purposes, it seems self-evident that cooling the brain pro
tects it against hypoxic-ischemic damage" [34]. Indeed, reducing cerebral tem
perature during HI is a standard procedure during cardiac and neurosurgery. 
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Observational data supporting the use of hypothermia in asphyxiated 
neonates were collected by Swedish researchers some 40 years ago [39]. Howev
er, animal studies using drastic temperature reductions failed to show any bene
fit [40,41]. Moreover, during the 1950s seminal investigations on the effect of 
environment on the survival of preterm neonates were produced, and random
ized clinical trials showed that failing to maintain a neutral thermal environ
ment increased mortality in preterm neonates [42]. This led to the widespread 
notion, permeating the culture of the subsequent generations of neonatologists, 
that hypothermia is bad and must be avoided. 

The resurgence of the idea of moderate cooling is based on the demonstra
tion that hypothermia reduces, sometimes dramatically, the degree of late cere
bral injury without (apparent) serious adverse effects, in term neonates, where
as hyperthermia increases it [43]. Re-examination of earlier research in humans 
has shown that the benefit of maintaining high environmental temperatures is 
only apparent in (tiny) preterm neonates, whereas term neonates tolerate mod
erate cooling wery well. Some authors have even suggested that perhaps 
neonates are meant to become a little cold after birth, and that moderate hy
pothermia is an adaptive mechanism of our species, as shown by the large sur
face of the usually bald head of the newborn whose abundant blood vessels do 
not vasoconstrict in response to cold [38]. This hypothesis needs to be proven, 
before it is accepted [44]. 

How hypothermia works is still unclear; presumably it reduces cerebral ener
gy demands so that, during HI, high-energy phosphate reserves are maintained 
at relatively normal levels [13]. This may prolong the "therapeutic window" af
ter HI and exert a synergistic action with other rescue therapies [38]. 

It must be stressed that profound hypothermia has deleterious effects not on
lyon preterm infants but also on term ones [34,37,38]. It decreases perfusion 
and oxygenation by impairing myocardial function, shifting the oxygen dissoci
ation curve to the left and causing peripheral vasoconstriction and ventilation
perfusion mismatch, increasing blood viscosity, and thus leading to renal failure, 
metabolic acidosis, and decreased cerebral blood flow. Other adverse effects of 
severe hypothermia are coagulation disturbances, pulmonary hemorrhage, im
pairment of the immune system, hypoglycemia, and disturbances in potassium 
and acid-base balance etc. Obviously, profound hypothermia must be avoided. 
Less severe hypothermia does not seem to cause severe adverse effects, but more 
studies are necessary, especially if moderate hypothermia has to be maintained 
for longer periods of time to offer greater neuroprotection after an episode of as
phyxia. 

The duration of brain cooling, its degree, and the way of producing it, are 
other areas that need further research. 

As stated above, great differences exist between experimental settings, where 
the investigator regulates the degree and duration of the HI insult and can con
trol for many other important variables that can influence the outcome, and the 
case of asphyxia in human neonates, where most of the variables are outside the 
control of the investigator. From animal studies, however, it seems that the du-
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ration of cooling must be of at least 12h for maximal protection to occur [34, 
45). 

As far as how to provide brain cooling, research is hampered by the lack of 
precise and handy ways to measure deep brain temperature. Most animal stud
ies have been carried out by cooling the whole animal, but it is likely that if 
head-only cooling can be obtained, this should result in a similar neuroprotec
tion with fewer side effects. A "cooling cap" has been succesfully used in some 
animal species and is not technically difficult to build. 

To date, only animal studies have been published, but two preliminary stud
ies of moderate hypothermia in asphyxiated neonates are under way in New 
Zealand and in England. No published results are available, but a comment 
states that so far there are no data to suggest that moderate hypothermia is un
safe, and that the results suggest a beneficial effect sufficient to justify further tri
als [45). 

However, simple as it may seem, organizing a clinical trial on this subject is 
not easy, and the difficulties are well summarized by the recent review by Ed
wards and Azzopardi [45). 

Conclusions 

At least two promising and potentially useful therapeutic interventions for neu
rologic rescue after asphyxia have passed the phase of animal study and are now 
being tested in randomized controlled trials. Together with the continuing im
provement in critical care of the sick newborn, and with advances in basic re
search and understanding of HIE, it is possible that in the near future the neona
tologist will not be left without effective therapies for HIE, as is still the case to
day. 
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Chapter 16 

The parents in neonatal intensive care units 
and the kangaroo-mother method 

U. DE VONDERWEID 

As early as 1907, Pierre Budin, the father of neonatology, noted in his book "The 
Nursling" that some mothers may find it very difficult to cope with the experi
ence of having a low-birth-weight newborn and that encouraging mothers to 
participate in the care of their offspring and to breastfeed could help them to 
overcome the crisis and establish a healthier relationship with the infant. 

Unfortunately, this aspect of care did not find its way into nurseries being es
tablished in the United States and Europe: with rare exceptions, most hospitals 
were concerned with preventing infections and excluded parents completely 
both from well-baby nurseries and special care units. Klaus and Kennel [1], in a 
survey of hospital nurseries in the 1970s found that only 30% of mothers were 
allowed into the nurseries in the first days of life. 

The fear of parent-infant transmission of infections was not based on any sci
entific evidence at that time. Actually, there are only limited data associating the 
transmission of bacterial colonization or infectious diseases with either family 
visitation or physical contact. But several reports in the 1980s stated there are no 
significant differences in bacterial colonization or the number of infants with in
fections comparing infants with visitation or contact to those who are isolated 
[2-4]. Furthermore, some trials on the effect of family visitation in nurseries on 
the isolation of pathogens from the umbilicus actually show a decrease in isolat
ed pathogens [5-7]. 

So, there is no bacteriological reason for restricting parental access to neona
tal nurseries and special/intensive care units. 

The question now is to what extent the presence of parents in neonatal inten
sive care units (NICUs) may be beneficial for the parents and the infants them
selves. In order to answer this question it is first necessary to understand the feel
ings of the parents of pretermllow-birth-weight infants in the context of the 
theory of parent/infant bonding. 

Klaus and Kennell defined mother/infant attachment or bonding as "perhaps 
the strongest bond in the human and the wellspring for all the infant's subse
quent attachments. Throughout his lifetime, the strength and character of this 
attachment will influence the quality of all future bonds to other individuals" 
[1]. The foundations of this attachment are laid long before conception: enter
ing parenthood represents the completion of human generation cycle. Multiple 
factors are at work, going back to the care each parent received from his/her own 
parents: especially for mothers, the quality of the interaction with their own 
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mothers in the first months of life is particularly important. Parental attitudes 
are further shaped by lifelong experiences of caring and by cultural and social 
values and situations. 

Once pregnancy is confirmed, multiple factors in the mother's life and rela
tionships influence her acceptance of the pregnancy and the fetus growing inside 
her. Quickening generally marks the beginning of a mother's perceptions of the 
fetus as a separate individual. Hopes and plans, fears and phantasies intermingle 
as pregnancy progresses. A picture of the hoped-for, normal baby forms in the 
mother's mind as she prepares for labor and delivery. Most pregnant women, 
however, also have conscious or unconscious fears of producing a dead or mal
formed child. 

After birth, parents face the task of resolving the discrepancy between features 
of the real baby and the phantasized ideal: time spent together in the first days of 
life allows this task to be accomplished. Much has been written about a "sensitive 
period" in the mother (and father) in the hours or days immediately after birth 
and its importance in the establishment of a bond from parent to infant. Despite 
some methodological limitations, most studies indicate that prolonged early 
contact of mother and newborn has significant effects and benefits [8-11J. 

When the pregnancy is prematurely interrupted by a preterm delivery and es
pecially when the infant is of very low birth weight (VLBW) and/or needs in
tensive care procedures, many psycho affective problems arise to complicate the 
process of mother(father)/infant attachment [12, 13J. 

Quite often, a preterm delivery is the product of a pathological pregnancy and 
delivery is preceded by a period of suffering related to obstetrical problems. The 
suffering is then accentuated by the grief for the premature interruption of the 
pregnancy and the difficulty of elaborating the untimely physical and psycho
logical separation from the infant. Many mothers experience a sense of irreality 
of the child, since the interval between the beginning of the perception of the fe
tus as an individual growing inside her and the interruption of this intrauterine 
relationship is too short. A premature birth implies many "losses" for the 
woman: the loss of the pregnant woman status without fully achieving the status 
of mother, the loss of the physical and psychological processes of pregnancy (es
pecially that of "making" a baby inside her), the loss of the dream of a normal 
pregnancy (with personal, familial, and social realization), and of a perfect child 
(narcissistic wound). 

The crisis is then aggravated by a complex of guilt feelings, related to the suf
fering of the infant, his/her possible (or actual) death, or long-term handicap. 
These guilt feelings produce a sense of worrying, extraneousness, defeat, and re
fusal of the child, which manifest themselves in the fear of seeing and touching 
a child so small, fragile, strange, frightening, etc. 

All these relational problems are aggravated by the environment of the NICU 
with all its strange machinery: Winnicott's "primary maternal preoccupation" is 
substituted by a sort of "primary medical preoccupation" and the mother feels 
she is useless to the child in the face of all the life-sustaining equipment around 
him/her. 
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Coping with such a psychological crisis is not easy for the majority of parents 
of a very premature and/or VLBW infant, and it is a very delicate task for the 
staff of the NICU to help parents in this process. For some parents, "coping 
through distance", that is avoiding contact with the child for some time, may be 
the only way to preserve their psychological equilibrium, but for all parents, 
sooner or later (and very soon for most), "coping through commitment", that is, 
seeing, talking to, touching, handling the child, and being involved in his/her 
care is the only way to heal the psychological wound and to start creating a 
healthy relationship with the child [13]. 

It is thus very important that no restriction is posed to the entering of parents 
in the NICU at any time: visitations to the infant must be encouraged and the 
staff must be prepared to help parents with information and reassurance. 

Among the many ways for enhancing parent/infant relationships in the NICU 
a very special place is held by the kangaroo-mother care (KMC) method. The 
procedure is very simple: it only implies putting the tiny infant, naked except for 
a diaper, at direct skin-to-skin contact with the mother's body, and covering 
him/her with a blanket. The method was originally adopted in developing coun
tries with the aim of improving survival and growth of preterm/low-birth
weight infants where the availability of technological resources is limited [14-
16]. Mothers are encouraged to breastfeed their infants early and frequently and 
provide heath and protection from infections with their body. Early discharge 
from the hospital and follow-up at home or in outpatient clinics is an essential 
part of the program [17]. 

In the developed world KMC does not represent an alternative to technolog
ical intensive neonatal care for VLBW infants, especially for those who need res
piratory support, but has been successfully integrated in modern care with the 
main objective of supporting mother-infant relationships and the infant's well
being and development. 

When it was first applied to VLBW infants in the developed world, the main 
concern was for its safety, which was tested in a number of observational be
fore/after studies. Acolet first demonstrated in 1989 that body temperature and 
oxygen saturation ofVLBW infants placed on KMC were not different from in
cubator nursing: furthermore, some infants with chronic lung disease actually 
had better oxygen saturation [18]. Ludington in 1990 observed a reduction of 
restlessness and improvement of quiet sleep during KMC, again without modi
fications of heart and respiratory rates [19]. De Leeuw studied eight VLBW in
fants treated with nasal continuous positive airway pressure and reported no 
modifications of respiration, oxygen saturation, apneas, and bradycardyias dur
ing 1 h of KMC as compared to standard incubator care [20]. Similar results 
come from Bosque's study of spontaneously breathing VLBW who were offered 
longer periods (4 h/day) ofKMC [21]. 

In two very elegant studies, Bauer and Bauer demonstrated a slight increase in 
body temperature during KMC as compared to incubator care, without any 
modifications of oxygen consumption and CO2 production, and concluded that 
KMC is not accompanied by any metabolic stress for the infant [22,23]. 
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A randomized, controlled trial of KMC vs standard incubator care was per
formed by Ludington in a North American NICU. She studied 24 moderately 
preterm infants (~34 weeks gestational age) aged 18 days and demonstrated a 
positive effect on body temperature and respiration, a reduction of uncoordi
nated motor activity, and an increase in quiet sleep [24]. In another randomized 
controlled trial of KMC vs incubator care for VLBW infants, Blaymore Bier 
demonstrated better oxygenation during KMC with no differences in heart and 
respiratory rate and body temperature [25]. 

It is now possible to conclude that KMC is safe for stable, spontaneously 
breathing VLBW infants and possibly also for those on long-term respiratory 
support. 

The effect of KMC on mothers has only been studied on limited samples so 
far. 

In an observational study, Affonso reported that KMC is effective in favoring 
the process of mother/infant reconciliation and healing of the psychological 
wound of the preterm birth, but no standard care controls were included in her 
study [26]. 

Whitelaw published in 1988 a randomized controlled trial of KMC in UK 
[27]. He concluded that, in a context where psychorelational support for moth
ers ofVLBW infants was largely available, KMC did not improve total visitation 
and handling time, but had a positive effect on the duration of breastfeeding. 
Similar observations were made by Blaymore Bier [25]. 

Further studies are necessary to understand the limits of KMC (how early can 
it be applied? how long? in babies on mechanical ventilation?..) and the benefits 
for the infant (well-being, neurophysiological development) and the mother 
(recreation of the physical and psychological relationship with the child), but 
there is sufficient evidence to support its widespread use for promoting the 
preterm infant's wellbeing in NICUs. 
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Chapter 17 

Models of pharmacokinetics in the treatment of 
acute postoperative pain in paediatrics 

M. CALAMANDREI, P. BUSON! 

The development of new, sensitive techniques for assaying drugs and drug 
metabolites together with progress in computer technology have made possible 
remarkable advances in pharmacokinetics studies. Pharmacokinetics is the 
mathematical description of drug disposition over time. In other words, it is 
what the body does to the drug over time. Pharmacokinetics deals with the fate 
of the drugs in the body, including the mechanisms and kinetics of drug ab
sorption, distribution, elimination (excretion and metabolism), and transport to 
the site of action (biophase). The latter process can be considered as a link be
tween pharmacokinetics and pharmacodynamics; fundamentally, however, it is a 
pharmacokinetic process. The volume of pharmacokinetic drug evaluations in 
children falls considerably behind that performed in the adult population, with 
the exception of a few limited areas. There are some appropriate reasons for the 
limited availability of pharmacokinetics data in children. The thalidomide 
tragedy led to more stringent regulations. Consequently, manufacturers began 
omitting drug studies in infants and children, creating a population of "thera
peutic orphans". Performing research in children is not only problematic for 
ethical reasons but also due to logistic difficulties. Patient and parent coopera
tion may be poor and phlebotomy is typically more difficult to perform in chil
dren. Limited patient populations present a problem even in large centers. The 
use of meta-analysis, although controversial, has tremendous potential for over
coming some of the problems with small sample size. 

The constant intravenous infusion of a drug has been demonstrated to pro
vide better postoperative pain relief than that provided by intermittent intra
muscolar doses. This also avoids the necessity for unpleasant i.m. injections. The 
total dose which is given may be higher than that of traditional methods, but 
this is considered an index of the inadequacy of those previous methods. Phar
macokinetics data can be used to calculate the rate of infusion for the desired 
steady-state plasma concentration, the time to achieve a steady-state, and the 
size of a loading dose. During intravenous infusion, the concentration of drug in 
the plasma increases until the rate of elimination is equal to the rate of infusion. 
The time required to reach the steady-state drug concentration in the plasma is 
dependent on the elimination half-life of the drug. For practical purposes, 
plateau is said to be reached when the concentration is 90% of the concentration 
of the drug at the steady state. An increase in the rate of infusion will not short
en the time to reach the steady-state drug concentration. If the drug is given at a 
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higher infusion rate, a higher steady state will be obtained. In order to maintain 
instant steady-state level, the loading dose should be equal to the ratio Rlk, 
where R is the infusion rate (zero order) and k is the elimination rate constant 
(first order). Because of distribution kinetics, the time to reach the plateau dif
fers between plasma and tissue. 

Opioid analgesics are the mainstay of pain management in paediatric patients 
postoperatively. Opioids have similar pharmacodynamic properties but have 
widely different kinetics properties. The most important of these is the delay be
tween the blood concentrations of an opioid and its analgesic effects, which 
probably relate to the delay required for blood and brain and spinal cord equi
librium. The half-lives of these delays range from 34 min for morphine to 1 min 
for alfentanyl [1]. The clearance of morphine varies with age [2]. In infants, 
clearance approaches the adult levels at 2-3 months of age. Pharmacokinetics 
studies of premature neonates in the first 24 h of life [3] and between 1 day and 
10 weeks of age in infants born after 36-41 week's gestation [4] demonstrated a 
longer elimination half-life and a lower plasma clearance than in adults. (Tables 
1,2). 

Epidural administration of narcotic analgesic drugs via lumbar or caudal 
route has been shown to be effective in the management of postoperative pain in 
infants and children. Following an extradural injection of 50 /lg/kg of morphine, 
Attia et al. [7] found the plasma Cmax to be 29 /lg/ml at the Tmax of 10.3 min, 
which could be compatible with clinical analgesia. However, at 1 h the Cmax had 
fallen to less than 10 /lg/ml, which could not account for the good degree of 
analgesia which was noted at that time. They found pharmacokinetic parame
ters in children between the age of 2 and 15 years similar to those observed in 
adults. 

The effect of the pharmacokinetics of local anaesthetic agents is different than 
for most other drugs, as these agents are applied directly to the site of their ac
tion rather than being transported in the blood stream to this site. Following an 
epidural injection, the classic biphasic absorption curve is not seen in chil-

Table 1. Intravenous morphine pharmacokinetics 

Age Gestational Vd t 1/2 
age (l/kg) (h) 

1 day 26-34 weeks 1.8 8.75 
1-4 days 36-41 weeks 3.4 6.8 
11-182 days 2.0 1.15 
Infants and children 2.8 2.0 

Table 2. Recommended dosage for morphine infusion [6) 

Preterm neonates 
Term neonates 
Infants and children 

Dosage (JIg/kg/h) 

2 
7 

20 

CI Reference 
(ml/kg/min) 

2.4 [3) 
6.3 [4) 
21.5 [5) 
23.6 [2) 
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dren and, thus, the absorption is much more rapid than in adults. Total plasma 
concentrations ofbupivacaine in neonates are similar to those of older children 
after a single caudal bolus dose [8J. Due to the relationship tI/2=(Vd·ln 2)/C, 
any increase in V d will raise the tI/2. Despite an augmented clearance, neonates 
have an increase in V d due to their total body water and consequently a longer 
tI/2. This has implications for continuous infusions in small children as there is 
a change in the local anaesthetic accumulation. The total plasma concentrations 
of bupivacaine b.3 mg/kg/h measured during an infusion at 180 min and 300 
min were higher in neonates than in children [9 J. On the basis of these and oth
er data, Berde [12 J has recommended that neonates receive a bolus dose of bupi
vacaine of no more than 2-2.5 mg/kg and no more than 0.2 mg/kg/h by infusion 
(Table 3). These empirically derived rates in neonates result in steady-state con
centrations of about 1 mg/l and follow age-related total clearance changes. 

In conclusion pharmacokinetics data are the theoretical basis of postoperative 
pain management in children but despite extensive clinical experience knowl
edge is, again, fragmentary. 

Table 3. Pharmacokinetics of epidural bupivacaine [8, 10, III 

Age CI Vdss tIl2 
(ml/min/kg) (h) 

1-6 months 7.1 3.9 7.7 
5-10 years 10 2.7 4.6 
Adults 6.3 2.7 
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Chapter 18 

Techniques of continuous or intermittent 
analgesia 

G. IVANI, P. DE NEGRI 

The International Association for the Study of Pain defined pain as "an unpleas
ant and emotional experience associated with actual or potential tissue damage, 
or described in terms of such damage ... pain is always subjective. Each individ
uallearns the application of the word through experiences related to injury in 
early life" [1]. In this form the definiton of pain cannot be applied to living or
ganisms (newborn, infants, small children) incapable of self-report. Conse
quences of this definition are evident in the clinical care given to neonates and 
small children: in fact the distress experienced by infants undergoing injuries as 
a part of medical care is often neglected and under treated if compared to older 
children or adults. The hypothesis that the later in gestation the neonate is born 
the more pain they experience contrasts with neurophysiological evidence, indi
cating that the ability to experience pain comes early in fetal development [2]. As 
facial responses and body movements seem to provide the best information 
about pain sensations [3], what appears to be deficient are the motor mecha
nisms needed to communicate distress to observers. Moreover, as only recently 
are preterm babies more likely to survive, the capacity to communicate distress 
has not yet completely evolved. During the course of a hospital stay, children 
may experience pain from a variety of sources; pain is often severe in the post
operative period. Some authors studied the incidence of postoperative pain 
based on child ratings and studied prescription of analgesics and administra
tion: approximately 40% of patients studied reported moderate to severe pain 
during the operative al)d first postoperative day even with pain medications and 
16% did not receive any analgesics [4]. Children often receive lesspain -killing 
medication than adults undergoing similar surgery [5]; Johnston observed that 
57% of patients rated their pain as moderate or severe and half of these patients 
did not receive any analgesics [6]. These findings indicate that pain in children is 
often unrecognized and undertreated; children with acute illness are at a greater 
risk for significant pain than children with chronic illness. Children in pain re
ceived less medication than prescribed (often on a pro-re-nata, PRN, basis); lack 
of medication can occurr because pain has not been assessed, because children 
may refuse medication or may deny pain for fear of needles, because staff prefer 
not to administer medications due to disagreement with route or fear of side ef
fects. Sometimes children still feel pain because the prescribed dosage of anal
gesics is inadequate. Objectives of adequate postoperative analgesia must in
clude pain relief with as few unwanted and undesired side effects as possible, a 
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satisfactory restoring of vital function, and a reduction of surgical and anaes
thetic trauma. Pain management needs to be tailored to location, extent, inva
siveness of surgical procedure and to expected severity of postoperative pain. 
Postoperative pain management is essential and must be approached as an inte
gral part of perioperative care; it has to be viewed as a process which starts be
fore the surgical incision and continues during anaesthesia until the complete 
recovery of the child from the surgical procedure. In choosing a method, various 
factors must be considered, including the physician's skill, knowledge of anal
gesics and routes of administration, patient-related and clinical circumstances, 
the availability of an environment supportive of effective pain management, and 
the knowledge and skill of staff to assess and monitor patients. 

In this paper we will examine postoperative analgesia induced by opioids and 
antinflammatory agents not administered by the spinal route. 

Opioid analgesia 

Opioids are the mainstay of pain management postoperatively in the paediatric 
patient; no matter what opioid is used, careful titration and adjustment is usu
ally needed as the patient progresses through the postoperative course. 

Inter- and intrapatient variations in the pharmacokinetic and pharmacody
namic behavior of opioids, as well as psychological differences make it impossi
ble to obtain consistent analgesia with intermittent intramuscular injections. 
Intravenous administration of opioids can be managed as continuous or inter
mittent infusion. Intermittent i.v. administration requires accurate titration in 
order to achieve an analgesic blood level; boluses infused in a short period of 
time have the advantage of frequent observation and assessment of pain.The 
major disadvantage of this technique is the need to use relatively large dose of 
opioids in order to avoid the necessity of frequent boluses: the blood levels of 
drug will be relatively high after the dose and relatively low immediately before 
the successive dose, exposing the patient to side effects of high opioid concen
tration and pain associated with low level of drug. Constant infusion of opioid 
prevents the ups and downs of intermittent dosing; when used in conjunction 
with intermittent doses or rescue doses, constant infusions produce relatively 
stable blood analgesic levels. 

In 1983, Bray studied 20 children undergoing major surgery and observed 
that the group that received i.v. bolus of morphine 200 Ilg kg-1 followed by a 
continuous infusion of 20 Ilg kg-1 h-1 showed lower pain scores than the group 
receiving i.m. morphine 200 Ilg kg-1 q 4 h PRN [7]. Hendrickson compared 26 
children receiveing i.v. morphine infusions 10-40 Ilg kg-1 h-1 with 20 children 
receiving i.m. morphine 100 Ilg kg-1 q 3 h; pain scores were higher in the i.m. 
group [8]. Koren gave morphine infusion to newborns, observing a large inter
patient variability in plasma concentrations, elimination half-life and clearance; 
he recommended a maximum infusion rate of 15 Ilg kg-1 h-1[9]. Olkkola felt 
that the pharmacokinetic profile of morphine reached that of on older child or 
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adult by 1 or 2 months of age [10]. Kupferberger, studying newborn rats, sug
gested that an incompletely developed blood-brain barrier allowed greater pen
etration of morphine to the infant brain: the findings may not be applicable to 
human neonates because the blood-brain barrier in the newborn rat is relative
ly incompleted if compared with higher mammals [11]. Lynn found that infants 
with a normal cardiovascular system undergoing surgery clear morphine more 
efficiently than infants of the same age undergoing cardiac surgery; morphine 
clearance from the body is slow in newborns but increases to reach adult values 
in the first months of life. This maturation occurs more quickly in infants un
dergoing non cardiac surgery (by 1-3 months of age) than in those receiving 
morphine after cardiac surgery (by 6-12 months of age) [12]. Wolf suggested in 
children under 4 years undergoing major abdominal surgery, after a loading 
dose of 0.15 mg kg-I, a continuous i.v. infusion of morphine 5 flg kg-1 h-1 for pa
tients <10 kg and 10 flg kg-1 h-1 for patients >10 kg [13]. It would seem safe to 
use continuous opioid infusions in children over 6 months of age on paediatric 
wards, with hourly monitoring of vital signs, level of consciousness and pain 
scores. 

Another interesting way to administer opiods is representd by the use of pa
tient-controlled analgesia (PCA); the first report of PCA use in a paediatric pa
tient was in 1987 [14]. PCA is now used in children as young as 5 years for the 
treatment of postoperative pain; a typical program uses a bolus of morphine of 
10-20 flg kg-1 h-1 with a lockout period of 10 min. PCA has been used with or 
without a continuous background infusion. Some authors found in adults that 
background infusions did not improve pain scores or the number of demands 
by the patients, nor decrease the number of patients who had difficulty in sleep
ing due to pain [15, 16]. One study in children found an improvement in anal
gesia without an increase in side effects with a background infusion of morphine 
15 flg kg-1 h-1 [17]; another study found that a background infusion of mor
phine did not improve pain scores but was associated with a better sleep pattern 
[18]. Doyle found that the use of background infusion of morphine 4 flg kg-1 h-1 

in a PCA regimen for children after lower abdominal surgery caused no increase 
in side effects if compared with no background infusion and was associated with 
less hypoxemia and a better sleep pattern. The reason why a background infu
sion of 4 flg kg-1 h-1 of morphine gave less hypoxemia may be that the infusion 
produces better analgesia and improves ventilation [19]. It is useful to monitor 
arterial oxygen saturation in children receiving PCA; studies revealed that chil
dren normally have periods of saturation between 90% and 95% during sleep. 
An Sp02 of 94% indicates mild hypoxemia; some authors reported that a more 
common reason for hypoxemia is pain and not opioid overdosage [19]. In an
other study, Doyle found that the use of a background infusion of morphine 20 
flg kg-1 h-1 in a PCA regimen for children who have abdominal surgery caused a 
significant increase in morphine consumption without improving pain relief 
and a significant increase of respiratory depression, oversedation and nausea 
and vomiting; however, there was no increase of side effects with the duration of 
PCA use as the severity of postoperative pain declined. The author observed in 
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15% of cases an SpOz <94% but he stated that there is no information on the in
cidence of hypoxemia detected by pulse oximetry in children breathing air and 
given i.m. opioids [20]. Broadmann found that children using PCA received 
twice as much narcotic as those undergoing similar operations and receiving in
termittent i.m. injections, underscoring the inadequacy of the tradtional man
agement of postoperative pain in children [21]. McNeely found that the use of a 
nightime infusion of morphine in a group of 36 school-age children, whose oxy
gen saturation has been recorded continuously for the duration of PCA use, did 
not appear to offer any advantage over the use of PCA alone [22]. Considerable 
preparation is needed in order to establish a PCA program; candidates for PCA 
are children at least 5 years of age undegoing major surgical procedures. 

It is stated frequently that the major reason for avoiding i.m. administration 
of opioids is the associated pain of injection; the use of a rectal route of admin
istration had a fatal outcome as a result of inappropriate alternative prescription 
[23]. Rectal route is questionable because of the unpredictable blood levels 
achieved as a result of the variable absorption through the systemic and biliary 
venous system. 

An interesting alternative route for morphine infusion is represented by sub
cutaneous (s.c.) route. A cannula can be placed s.c. at the time of anaesthesia, 
covered with a sterile dressing and flushed with heparinized saline in the post
operative period [24]; the cannula can be used for administration of morphine 
or a different drug as the sole method of providing analgesia or to supplement 
other techniques. Moreover, the s.c. route is particularly useful in patients whose 
veins are at a premium, such as those with burns or chronic and terminal pain. 
Lloyd Thomas suggested that the dosage of morphine administered by a contin
uous s.c. infusion should not differ much from on i.v. regimen [25]. Continuous 
infusion of morphine would appear to be superior to intermittent injections 
because a small volume of morphine is injected over a short period of time and 
breakthrough pain, the main drawback of "a la demande" analgesia, is avoided. 
Lloyd Thomas suggested that a dosage of s.c. morphine 20 flg kg-1 h-1 is suffi
cient to prevent pain caused by major surgery [23]. McNicol underlined the safe 
use of continuous s.c. infusion of morphine, observing a reduction in con
sumption in the first 24 h if compared with other authors using PCA systems 
and suggested that's.c. delivery may also be possible if pulse oximetry is not 
available [26,27]. The same PCA can be used by s.c. cannula. 

Doyle used a PCA device through a 22-gauge catheter sited over the deltoid 
muscle. Patients received bolus doses of 20 flg kg-1 with a lockout interval of 5 
min and a background infusion of 5 flg kg-1 h-1• PCA s.c. seemed to be as effec
tive and safe for acute postoperative pain as PCA i.v.; there was a lower con
sumption of morphine with reduced hypoxic episodes if compared with PCA 
i.v. It may be that the reduced consumption of opioids determines ventilatory 
depression; as an alternative, the s.c. route should be safer because delivery of 
morphine is slower and can cause lower peak concentrations in case of mor
phine boluses. The delay for patients in receiving analgesia by the s.c. route was 
on the order of a few minutes [28]. Semple used a continuous s.c. infusion of di-
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amorphine 20 jlg kg-1 h-1; he underlined the benefit of a continuous s.c. infusion 
over intermittent s.c. administration because, in the latter case, periods of unre
lieved pain alternating with episodes of sedation or nausea due to high plasma 
concentration of opioid after bolus can occur [29]. 

Nonopioid analgesia 

Nonopioid analgesics have an increasing role in the management of postopera
tive pain. Of particular importance are the nonsteroidal anti-inflammatory 
drugs (NSAIDs). With a direct action on the local mediators of inflammation 
and a possible role in the reduction of the systemic response to surgery, NSAIDs 
appear to be an useful addition in the treatment of postoperative pain. The same 
analgesics used in adults can be safely used in children after the newborn period; 
for successful treatment in paediatrics it is mandatory to pay attention to drug 
administration, correct dose and timing and the choice of drug. The oral route is 
preferable whenever possible but in the immediate postoperative period of ma
jor surgery, gastric stasis has been commonly observed, making oral administra
tion ineffective. Moreover, the onset of analgesia after oral administration is too 
slow to obtain adequate and rapid pain relief. So, oral administration is better 
used for mild to moderate postoperative pain (minor surgery) when gastric sta
sis is no longer a problem. Rectal administration is widely used, particularly for 
young children, because it is considered a better choice than injection even if this 
route, as discussed above, is questionable. Oral or rectal drugs must be adminis
tered well in advance because the analgesic effects of NSAIDs are reached slow
ly, also if the drug is given by i.v. route. The intramuscular route does not offer 
particular advantages regarding bioavailability, nor a better or faster analgesic ef
fect. The margin of safety of NSAIDs is wide and the individual variations as 
with opioid analgesics have not been observed. Except during the neonatal peri
od, the pharmacokinetic and pharmacodynamics of NSAIDs in children do not 
seem to differ markedly from those in adults. 

Analgesia based on regular oral/rectal administration or continuous i.v. infu
sions improves the postoperative period in children if compared with the ups 
and downs of PRN medication. Use of NSAIDs in conjunction with an opioid 
allows a reduction of dosage and of side effects of the latter. 

NSAIDs have to be considered as first-line agents in the treatment of paedi
atric pain. In children undergoing adenotonsillectomy, the largest group studied 
for postoperative pain, NSAIDs are able to reduce pain without having any par
ticular effect on bleeding [30]. Ketoprophen 0.5 mg kg-1 i.v. provided good anal
gesia with fewer adverse effects in a group of 107 children between 1-7 years af
ter adenoidectomy [31]. Diclofenac sodium was effective when administered 
prophylactically via the oral or rectal route for pain treatment after tonsillecto
my [30,32]. Continuous infusion of indomethacin (bolus 0.35 mg+ 1.7 mg kg-1 

day-I) or rectal ibuprofen (40 mg kg-1 day-I) resulted in adequate analgesia, re
ducing the need for additional opioid [33]. Acetaminophen (paracetamol) with 
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codeine administered in the preoperative period demonstrated a superior effi
cacy if compared with acetaminophen alone after bilateral myringotomy with 
placement of PE tubes [34 J. 

In the same procedure preoperative administration of oral acetaminophen is 
more effective [35J. Bennie suggested that neither preoperative oral aceta
minophen 15 mg kg-1 nor ibuprofen 10 mg kg-1 is effective in providing analge
sia in children undergoing myringotomy [36]. Romsig said that recommended 
doses of acetaminophen (60 mg kg-1 day-l orally or 90 mg kg-1 day-l rectally) do 
not provide sufficient pain relief in children following tonsillectomy [37]. An
derson found that a plasma acetaminophen concentration of 25 mg/l-I, corre
sponding to a satisfactory analgesia for 65% of patients after tonsillectomy, can 
be achieved after a loading dose of 70 Ilg kg-1 and a maintenance dose of 50 mg 
kg-1 every 8 h; doses over 150 mg kg-1 day-l must be avoided due to liver toxici
ty [38]. Maunuksela administered ibuprofen 40 mg kg-1 divided in three or four 
doses rectally; he found that scheduled administration of ibuprofen decreases 
the need of opioid analgesic, improving pain relief during recovery, and did not 
cause additional side effects such as bleeding [39]. 

The recommended i.v. dosage ofketorolac in children is 0.5 mg/kg, followed 
either by bolus injections of 1.0 mg/kg every 6 h or an i.v. infusion of 0.17 mg 
kg-1 h-1• The maximum daily dosage is 90 mg, and the maximum duration of 
treatment is 48 h. The recommended oral dosage is 0.25 mg/kg to a maximum of 
1.0 mg/kg/day, with a maximum duration of 7 days. Older children may require 
somewhat lower dosages, while infants and young children may require slightly 
higher dosages to achieve the same level of pain relief. Ketorolac is not recom
mended for use in infants aged < 1 year. 

Ketorolac demonstrated efficacy when used for postoperative pain manage
ment; the i.v. route is preferred during the immediate postoperative period (par
ticularly when additional respiratory depression or sedation is not desired), un
til the patient can tolerate oral medication. 

Intramuscular injections are not recommended in children, unless the intra
venous route is unavailable. There are pharmacokinetic differences, but the 
dosage interval is similar in children and adults. Pharmacokinetics studies in 
children indicate that, because of the greater volume of distribution and the 
plasma clearance of drug, a higher relative dosage per weight may be required in 
children [40]. The recommended i.v. dosage of ketorolac in children is 0.5 
mg/kg, followed either by bolus injections of 1.0 mg/kg every 6 h or an i.v. infu
sion of 0.17 mg kg-1 h-1• The maximum daily dosage is 90 mg, and the maxi
mum duration of treatment is 48 h. The recommended oral dosage is 0.25 
mg/kg to a maximum of 1.0 mg/kg/day, with a maximum duration of 7 days. 
Older children may require somewhat lower dosages, while infants and young 
children may require slightly higher dosages to achieve the same level of pain re
lief. Ketorolac is not recommended for use in infants aged < 1 year [41 J. Watcha 
demonstrated, in children undergoing elective surgery, that an intraoperative 
dose of ketorolac 0.9 mg kg-1 i.v. provided postoperative analgesia similar to 
that of morphine 0.1 mg kg-1 and that ketorlac was associated with less emesis. 
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He suggested that ketorolac may have a "ceiling" effect and that doses between 
0.5 and 0.9 mg kg-1 may produce a similar degree of pain relief [42]. Munro 
showed that ketorolac 0.75 mg kg-1 provides analgesia comparable with that of 
morphine 0.1 mg kg-1 [43]. 

In summary, ketorolac in children undergoing myringotomy, hernia repair, 
tonsillectomy, or other surgery associated with mild or moderate pain provides 
comparable analgesia to morphine, pethidine or acetaminophen. Combined 
therapy with ketorolac and an opiod results in reduction of opioid requirements 
and, in some patients, this is accompanied by a concomitant decrease in opioid
induced adverse effects, a more rapid return of gastrointestinal function and a 
shorter stay in hospital [44]. Bleeding time is usually slightly increased, but in 
most patients it remains within normal values. There is conflicting evidence of 
the potential for increased surgical-site bleeding after tonsillectomy but, for oth
er types of paediatric surgery, numerous clinical studies have confirmed that 
ketorolac is not associated with increased bleeding. 

Propacetamol hydrochloride, a water-soluble formulation of paracetamol at
tached to a molecule of dietylglycine, is in fact a prod rug of paracetamol. When 
it reaches the plasma it is cleaved either spontaneously or by nonspecific plasma 
esterases. One gram of propacetamol releases 0.5 g of paracetamol. Prop aceta
mol is a useful analgesic that can be administered after surgery with a faster on
set and a better analgesic efficacy than oral administration. Pharmacokinetics of 
paracetamol in infants and children after infusion of propacetamol (15 mg kg-1 

in single or repeated doses or 30 mg kg-1 in single doses) is similar to that de
scribed for adults; it is different in neonates where a lower clearance level has 
been observed due to both hepatic immaturity and slow renal excretion [45, 
46]. For these reasons the dose of propacetamol should be adapted only on a 
weight basis. Granry demonstrated the analgesic efficacy of proparacetamol 30 
mg kg-1 i.v. in children 6-12 years old undergoing orthopedic surgery [47]. 

In conclusion, we have now the key to control pain in children. There are 
drugs, devices and techniques sufficiently safe to work with and it is up to us to 
make pain therapy in paediatrics real and effective. 
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Chapter 19 

Sedation and acute pain management: 
association/ combinations of drugs 

A.R.WoLF 

In recent years there has been an increasing understanding that combinations of 
drugs, acting at different effector sites, can provide higher-quality analgesia or 
sedation than single drugs acting alone. This concept of co-analgesia has become 
routine practice in paediatric postoperative analgesia, and has proved to be 
highly effective. The combined action of the different drugs allows individual 
drug dosing to be reduced, thereby minimising side effects while maintaining 
adequate analgesia. Analgesic agents can also be combined in mixtures (such as 
in the epidural space) which can alter efficacy and duration of the technique, 
and this, too, has been a recent development in paediatric anaesthetic practice. 
However, all drugs have side effects, and each time a new drug is added, it brings 
with it an increasing possibility of drug interactions. Therefore, while drug com
binations are undoubtedly beneficial, the clinician must have detailed knowl
edge of the pharmacology and interactions of the drugs used. 

At the outset it should be made clear that analgesia and analgesic techniques 
pertain to pain relief, while sedation and sedative techniques are directed at low
ering conscious levels or reducing responses to discomfort. These two tech
niques should be regarded as independent, although in appropriate clinical sit
uations both analgesia and sedation may be required together. Clear distinc
tions between different types of pain or discomfort are therefore needed for the 
clinician to make an informed and rational approach to therapy. The four main 
areas of pain to be treated are described as follows. 
1. Point pain: the pain associated with a brief procedure which may be painful, 

such as heel prick drip or drain insertion or dressing change. 
2. Postoperative pain: this may vary from minor somatic pain from procedures 

such as hernia repair to major somatic and visceral pain associated with ma
jor thoracic or abdominal surgery. The pain from major surgery may contin
ue for several days or longer. 

3. Discomfort: patients on the intensive care unit that are confined to bed often 
with endotracheal tubes, drains etc. These patients initially may have postop
erative pain from surgery but with time pain becomes less of a feature com
pared to chronic discomfort. In addition, critically ill children often do not 
understand their situation and may struggle in attempt to remove the causes 
of their discomfort (drips drains, nasogastric tubes, etc.). These children may 
require sedation rather than analgesia, together with complementary non
pharmacological coping strategies. 
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4. Chronic pain syndromes: true chronic pain in children is rare but well recog
nised in practice. Discussion of combined treatment for this highly spe
cialised area is outside the scope of this text. 
These broad definitions of pain and discomfort are influenced by age, and 

therapy must be chosen accordingly. For example postoperative pain in the new
born infant after abdominal surgery can be managed by a pure, nonsedative 
technique such as that provided by epidural local analgesia combined with oral 
or rectal paracetamol [1], avoiding complications associated with systemic opi
oid analgesia such as oversedation, ventilatory depression and gastrointestinal 
disturbance [2J. In contrast, a 3-year-old having similar surgery rarely manages 
well with this approach, even when the analgesia is complete. This is due to the 
additional emotional component of the child's situation (fear, anger, and un
happiness), which results in the child becoming agitated, restless and often un
manageable in the postoperative period unless additional sedation is given. 

Clearly, specific individual approaches are needed for pain management and 
sedation, using knowledge of both the therapeutic effects and side effects of the 
drugs and situation age and environment in which they are to be used. Pharma
cokinetic and pharmacodynamic properties change considerably with age and 
this needs to be taken into account. This article will review the properties and 
uses of the available drugs and discuss a rational approach to the use of particu
lar combinations of drugs in both postoperative pain management and in the 
paediatric intensive care unit (PICD). 

Drugs and techniques available for analgesia and sedation 

Drug options can be broadly divided into five areas (Table 1). 
The requirements and the end points for adequate sedation or analgesia are 

very different. Clearly, great care is therefore needed in selection of the appro
priate group of drugs for the task required. Before discussing combinations of 
drug groups, it is useful to point out specific features of some of the drugs (from 
Table 1). 

Group 1: analgesic drugs 

This group contains analgesic drugs varying from high efficacy (opioids) to rel
atively low efficacy (paracetamol). Opioids provide dose-dependent analgesia 
but higher doses of opioids are associated with an increasing risk of serious side 
effects. In contrast, local anaesthetic drugs offer the potential for absolute anal
gesia without dose-dependent side effects. 

Opioids 

Morphine is a water-soluble opioid with useful sedative properties. Neonates 
are highly sensitive to morphine due to an overall sensitivity to all CNS depres-
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Table 1. Drugs and techniques available for analgesia and sedation 

Systemic analgesic drugs 

Hypnotic/ anaesthestic drugs 

Other sedative agents 

Local techniques 

Nonpharmacological strategies 

Opioids: morphine, fentanyl, alfentanil, remifentanil, 
ketamine 
Paracetamol, propacetamol 
NSAIDS: ketorolac, diclofenac 
a-2 agonists- clonidine, dexmetatomidine 
tramadol 

Benzodiazepines: midazolam, diazepam, 
lorazepam 
Chloral hydrate, trichlofos 
Propofol 
Barbiturates: phenobarbitone, pentobarbitone 

Neuroleptics: phenothiazines, butyrophenones 
Antihistamines: trimeprazine, promethazine 
Anticholinergics: hyoscine 

Local anaesthesia: topical, regional, epidural, spinal 
Central local anaesthesia block with admixtures: 
adrenaline/ opioids/ clonidine/ketamine 

Massage, sucrose pacifiers, complementary medicine 

sant drugs and their increased blood brain barrier permeability. Elimination 
half-lives in the neonate are over 12 h compared to 3 h or less in the older child 
[3]. Elimination of the drug in the neonatal period is initially poor due to limi
tations of liver conjugation. The kidney's limited ability to excrete the active 
morphine 6-glucuronide may also prolong analgesic action [4]. 

Fentanyl has a rapid and profound onset in the infant due to the drug's high 
fat solubility and its distribution kinetics in this age group [5]. After short-term 
infusion, this drug has a rapid offset due to its favourable context-sensitive half
life. Longer-term infusions are associated with slow offset once the peripheral 
compartments have been saturated. The elimination half-life is about 3 h in the 
older child but it can be greater than 17 h in the pre term infant [6]. Tolerance to 
the drug increases rapidly when given as an infusion due to both pharmacoki
netic and pharmacodynamic effects [7,8]. 

Remifentanil is a relatively new drug with predictable and rapid offset that is in
dependent of duration of infusion. In the limited studies in children so far it ap
pears to be a very promising drug that may allow profound analgesia with haemo
dynamic stability during surgery, and rapid offset without ventilatory depression 
after surgery. This drug is potentially ideal for neonatal use provided local analge
sia has been instituted before the end of surgery to ensure continuity of analgesia. 

Ketamine 

Ketamine is a phencyclidine derivative with NMDA antagonist properties. It is 
one of the few analgesic drugs that can increase blood pressure and has therefore 
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found use as an analgesic/induction agent in patients with circulatory insuffi
ciency. Ketamine inhibits re-uptake of catecholamines at the nerve terminal, 
thereby increasing levels of catecholamines. While it is grouped with the anal
gesic drugs, it can be regarded as an anaesthetic agent in that bolus doses or high 
levels of infusion can produce unconsciousness as well as analgesia. It has be
come popular as an analgesic/anaesthetic agent in the PICU for treatment of se
verely asthmatic patients because of its bronchodilating properties. Side effects 
include raised intracranial/ocular pressure and hallucinations. 

Clonidine 

Clonidine is a centrally acting a-2 agonist acting presynaptically at noradrener
gic sites in the locus coeruleus and dorsal horn neurones. It can provide analge
sia and, like morphine, has a sedative profile. It can reduce haemodynamic hor
monal and metabolic responses to surgery and has been used as a sedative in the 
critically ill neurologic patient [9). Its use to date in paediatrics has been as an 
adjunct in caudal anaesthesia and to ease the withdrawal from morphine in the 
intensive care unit. 

Group 2: hypnotic/anaesthetic drugs 

Drugs in this group comprise agents used for premedication or those used for 
intravenous anaesthesia. They have the common property of lowering levels of 
consciousness and this can be useful both in the agitated child after surgery or as 
a sedative agent in the intensive care unit. The heterogeneous nature of this 
group results in the drug's having useful additional properties. For example, the 
memory loss associated with benzodiazepines or the reduction in cerebral me
tabolism associated with high dose thiopentone and propofol. 

Benzodiazepines 

These drugs do not provide analgesia but are useful for single-dose administra
tion in the agitated child. The use of midazolam as a single-agent infusion at 
doses of up to 300 Ilg/kg/per hour for sedation of the critically ill infant has been 
associated with tolerance and a prolonged and sometimes severe withdrawal re
action. It is the view of the author that midazolam should only be used for seda
tion in combination with other agents and should rarely be used at doses ex
ceeding 100 Ilg/kg/per hour. Lorazepam has particularly powerful amnestic 
properties with a long duration of action. It has proved to be a useful drug for 
short-term intermittent use in the PICU. 

Propofol 

Propofol has returned as a popular drug for short-term sedation or anaesthesia 
in the PICU. Initial reports of deaths from this agent appear to be associated 
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with the excessive dosage [10J. Resistance to the drug after long-term infusion 
can make it impossible to use as a single agent and prolonged recovery and with
drawal phenomena can be problematic. Its use on intensive care units as part of 
a cohesive sedation protocol is discussed below. 

Barbiturates 

Thiopentone infusions are used in combination with anti-epileptics to treat sta
tus epilepticus or to render the EEG isoelectric after head injury or during car
diac surgery. The long elimination half-life of the drug can result in delayed re
turn of consciousness, which can take many days, and may mask the underlying 
neurological damage. Unfortunately, thiopentone also has significant major ef
fects on immune function. Children receiving high-dose infusions of thiopen
tone are at major risk of sepsis. 

Group 3: other sedative agents 

Unlike the group 2 drugs, these agents do not provide anaesthesia and uncon
sciousness. Their main role is as additional drugs to be used in combination 
with group 1 or group 2 agents. Phenothiazines such as chlorpromazine can be 
an invaluable agent in the long-term PICU patient that has become tolerant to a 
variety of analgesic and sedative drugs. Butyrophenones such as droperidol can 
produce severe dysphoric states unless combined with a benzodiazepine. There 
are particularly likely to produce dystonic reactions (orofacial dyskinesia, 
akathesia) in children 

Group 4: local anaesthesia 

The major advantage in choosing local anaesthesia is its potential to provide 
complete analgesia without CNS depression. This makes it valuable for chil
dren in whom reduction in consciousness is likely to be associated with ad
verse events (apnoea, ventilatory depression). Appropriate local blocks or 
epidural techniques are therefore useful in neonates and children with head 
injuries. Specific examples include the use of spinal anaesthesia for hernia re
pair in the ex-premature neonate prone to ventilatory depression or the use 
of femoral nerve blockade in children with reduced consciousness and frac
tured femoral shaft. The other advantages oflocal techniques for analgesia in
clude improved pulmonary function, reductions in intraoperative blood loss, 
postoperative catabolism, and the incidence of postoperative venous throm
bosis. 

While bupivacaine and lignocaine have provided the mainstay of local anaes
thetic agents, new drugs such as ropivacaine and I-bupivacaine with improved 
therapeutic ratios and analgesic profiles are now becoming available. The use of 
drug combinations with local anaesthetics is discussed below. 
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Group 5: nonpharmacological strategies 

This group contains techniques that are often dismissed, ignored or taken for 
granted. However, they have a major place as an adjunct to pain relief and seda
tion. Simple examples include parental presence, which can be effective in calm
ing an otherwise inconsolable child. Massage has been shown to reduce haemo
dynamic and stress responses in the ventilated preterm neonate [11] and may 
even improve outcome [12]. 

Studies in the human neonate have shown a dose-dependent effect of sucrose 
in reducing behavioural and heart rate responses to pain [13], although other 
work has shown that the cardiovascular and stress responses are not reduced 
[14]. Comforting procedures alter behavioural responses to pain but cannot be 
regarded as analgesic drugs. They should be viewed as coping strategies which 
can modulate "pain experience" rather than true analgesics. 

Drug combinations in postoperative analgesia 

The underlying principles in drug combinations are to maximise analgesia, re
duce individual side effects and to select agents that deliver adequate duration of 
analgesia. The choice of drug combination is dependent on the operation, the 
age of the patient and the environment (i.e., day care surgery, general hospital 
ward, high dependency unit). Below are examples of how drug combinations 
can be selected in this fashion. 

Neonate 

Neonates are highly susceptible to CNS depressant drugs. A better understand
ing of opioid pharmacokinetics and pharmacodynamics has made the use of 
these drugs far safer in the postoperative period in recent years [15]. Opioids de
livered by continuous intravenous infusion or nurse-controlled analgesia in this 
age group can be used in the spontaneously breathing neonate in an appropriate 
environment (intensive care unit or high dependency unit). Local techniques 
such as caudal, epidural or spinal analgesia are highly effective in this age group. 
Complete analgesia is obtainable with pure local anaesthetic agents for central 
blocks. The use of combinations of local anaesthesia with admixtures such as 
fentanyl are not necessary and are relatively contraindicated. Paracetamol is an 
invaluable adjunct to neonatal analgesia and should be given on a regular rather 
than on an as required basis to obtain the maximum value. 

Tonsillectomy 

With the advent of day case tonsillectomy it has been necessary to re-evaluate 
analgesia strategies for tonsillectomy. Morphine reduces pain and provides se
dation but results in a high incidence of nausea and vomiting after surgery. The 
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potency of nonsteroid anti-inflammatory drugs (NSAIDs) such as ketorolac and 
diclofenac are not enough to provide adequate analgesia in the immediate post
operative period. However, the combination of regular paracetamol before and 
after surgery, a single dose of fentanyl during surgery and regular intraoperative 
and postoperative diclofenac has allowed analgesia to be maintained without 
major sedation or vomiting. NSAIDs potentially can increase the risk of bleed
ing but this does not appear to be significant in clinical practice. A large propor
tion of children coming for tonsillectomy have asthma, and the use of these 
drugs in true asthmatics remains controversial. 

Orchidopexy 

Caudal analgesia with local anaesthetic agents alone do not provide adequate 
analgesia. The height of the block may be insufficient, given that failure of the 
immediate block and the pain from this surgery usually outlasts the duration of 
a single shot caudal block (6-8 h). Combinations of a single intravenous dose 
morphine at the time of surgery and regular paracetamol and diclofenac after
wards can greatly improve analgesia but at the expense of a high incidence of 
nausea and vomiting. This can result in overnight hospital admission. The use of 
admixture of clonidine or ketamine can increase efficacy and duration of anal
gesia for this procedure (Fig. I) [16]. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 2021 222324 

Time (h) 

Fig. 1. Duration of caudal analgesia after orchidopexy using: bupivacaine and adrenaline (.), 
bupivacaine and clonidine (_), bupivacaine and ketamine (.A) 
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Agent choices for epidural techniques 

The choice of which opioid to add to a local anaesthetic agent depends on 
whether a single-shot technique or a continuous infusion are to be used. Mor
phine is a water-soluble agent that has a long half-life in the CSF. These proper
ties result in its long duration of action (up to 24 h) after single injection and 
therefore makes it a useful drug in this context [17]. Because of its solubility in 
CSF it spreads to provide analgesia in a non-segmental fashion and therefore 
caudal administration can provide analgesia even after thoracic surgery. Howev
er this same property allows the drug to migrate rostrally to give sudden ventila
tory depression. Fat-soluble opioids such as fentanyl are not rational choices for 
single-dose epidurals. These drugs are rapidly absorbed from the epidural space, 
making their duration of action short. Combinations of local analgesia and fat
soluble opioids such as fentanyl provide excellent analgesia when given by con
tinuous infusion. Drug is delivered continually to the epidural space, where it 
can diffuse across the dura mater and CSF into the substantia gelatinosa. While 
fentanyl does produce specific spinal analgesia, most of the drug eventually be
comes systemically absorbed to produce general analgesia and sedation. 

Drug combinations in intensive care sedation 

Sedation and analgesia in the intensive care unit require a clear understanding of 
the goals required (the patients'optimum level of sedation), the tools available 
(which drugs) and a technique for evaluating levels of sedation/comfort 
(pain/sedation scores). Oversedation delays extubation, promotes lung atelecta
sia after extubation (increasing the risks of reintubation), promotes tolerance 
and withdrawal, and results in increased side effects from the ever-increasing 
doses of drugs. In contrast, undersedation allows discomfort and pain, increas
es haemodymamic and stress responses and may, in the post -operative cardiac 
patient, result in pulmonary hypertensive crises. For a patient arriving in the 
PICU after surgery, high levels of analgesia are required initially for postopera
tive pain relief or reduction of stress responses to surgery. Immediately after 
surgery a neonate will not require more than 20 Ilg/kglper hour morphine for 
analgesia and a child will not require more than 40 Ilg/kg/per hour. These are 
doses based on observational behavioural data in the awake, spontaneously 
breathing patient. Later in the postoperative course, if the patient remains ven
tilated on PICU, sedation may be required to relieve the discomfort of lying still 
or tolerating an endotracheal tube. Large doses of opioids are unlikely to be 
needed at this stage. 

It is clear from the literature that, when using a sedative/anaesthetic drug, 
there are a series of end points at different infusion rates of the individual drugs 
which define "depth of sedation': These end points are each associated with a 
dose-response curve and an ED 95%. For example, with propofol recall and 
awareness are eliminated at lower doses than those required to eliminate spon-
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Increasing dose of sedative / analgesia 

I recall I ~ I awareness I ~ I response I ~ I response I ~ I haemo- I to touch to pam dynamic 
response 

t t t t 
Late Weaning Early The sick 

sedation post- infant 
operative High 
phase dose 

opioids 

Fig. 2. Ideal levels of sedation at different perioperative stages 

taneous movement or responses to stimulation. Higher doses will eliminate pro
tective reflexes (eyelash response) and spontaneous motor responses to non
painful stimulation, but will not stop motor responses to painful stimuli. High
er doses still are required to anaesthetise the patient to painful stimuli and it is 
not until this dose is further increased that haemodynamic responses to noci
ception are abolished. Figure 2 demonstrates the effects of increasing doses of 
sedative/analgesic agents and the levels of sedation required at different stages in 
the course of a PIeU stay. 

When embarking on long-term sedation it is important not to oversedate the 
patient for the reasons explained above. If the patient is not in pain and is criti
cally ill, low doses of sedative drugs will ensure lack of recall and awareness. At 
these low doses the patient may well try to move and may have some haemody
namic response to PIeu procedures. This does not imply that sedation is inad
equate, if there is no pain associated with the patients condition. 

Paralysing drugs 

The use of paralysing drugs opens up the issue of patients being paralysed and 
aware on intensive care. Paralysis is undesirable in the long-term PIeu patient 
because it results in water retention/oedema, involution of the muscles of venti-· 
lation and difficulties in assessing the adequacy of sedation. However, in the sick 
patient or in the early phase of a PIeU admission, it may be highly desirable. 
Prescribing sedative drugs at levels that are that are normally associated with 
lack of awareness may be a useful guide to managing the paralysed patient, but 
dosing requirements rise rapidly during intensive care stay due to both pharma
cokinetic [7] and pharmacodynamic effects of prolonged exposure [8]. 

Drug combinations for PIeu sedation 

The scheme set out below attempts to use a rational choice of analgesic and se
dation drugs in combination. In long-term sedation, the aim is to use different 
pharmacological groups of drugs in different weeks. Thus, an opioid (group 1) 
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in combination with a phenothiazine (group 3) in "week 1" avoids the use of 
benzodiazepines, which can then be reserved for later use. Polypharmacy, the use 
of multiple drug combinations without any overall strategy, is bad practice be
cause it uses up drug options. On the other hand, the use oflarge doses of a sin
gle agent for more than a few days promotes major drug tolerance, making sub
sequent weaning from the drug difficult. 
- Week 1 

o Analgesic drug: morphine infusion 0-40 Ilg/kg/per hour. 
o Sedation drug: promethazine intravenous supplementation 0.5-1 mg/kg 

every 6 hours. 
This combination should be used exclusively without additional agents. Effec
tiveness of the technique should be measured with formal and regular sedation 
assessment (see below). 
-Week 2 

o Analgesic drug: ketamine infusion 0-80 Ilg/kg/per minute. 
o Sedation drug: midazolam 0-100 Ilg/kg/per hour. 

By the second week morphine infusions may have been increased to 50 
Ilg/kg/per hour or more as tolerance sets in. Morphine and promethazine should 
be replaced by ketamine and midazolam infusions, unless there is a specific con
traindication (e.g., raised intracranial pressure). The midazolam avoids the risks 
of hallucinations associated with ketamine. 
-Week 3 

o Analgesic drug: clonidine infusion 0 1 - 1.0 Ilg/kg/per hour. 
o Sedation drug: chloral hydrate 25 mg/kg orally or rectally. 

As with the week 2 adjustment, ketamine should be replaced with clonidine and 
chloral hydrate on week 3, which represents a completely new group of pharma
cological agents to which the patient has not developed tolerance. 
- Week 4 

o On week 4 the drugs are cycled back to the week 1 regimen of morphine and 
promethazine. 

Propofol infusions in the PIeD 

If tolerance develops and it becomes necessary to withdraw a patient from the 
drugs, an infusion of propofol can be used to induce general anaesthesia. The in
fusion of 4-6 mg/kg/per hour will maintain anaesthesia and all other drugs can 
then be abruptly withdrawn. After an infusion of 72 h the propofol can usually 
be weaned off and a week 1,2 or 3 regimen started. Propofol is now available as 
a more concentrated 2% solution which avoids the fat and water load associated 
with the standard preparation. It is important not to exceed the safe upper lim
its for propofol infusion, given the previous published experiences [10 J. Paraly
sis may be useful during the propofol infusion once it has been established that 
the patient is comfortable. 

Propofol is a useful drug in the PIeu for procedures that require a short pe-
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riod of general anaesthesia (i.l., chest drain removal). It is not a good long-term 
drug for infusion in PICU because once the peripheral stores become saturated, 
recovery after the drug is discontinued may take a considerable time. Tolerance 
to propofol also occurs after several days. 

Long-term weaning 

Long acting, orally administered drugs are useful in long-term weaning after a 
protracted PICU stay. Drugs such as lorazepam, clonidine, chlorpromazine and 
oramorph all have use in this respect. A weaning regimen with one or more of 
these drugs should be set up with gradual dosage reduction over a 7- to lO-day 
period. 

Monitoring analgesia and sedation 

Optimising sedation to avoid both over- and underdosing can only be achieved 
effectively with regular assessment of adequacy of sedation. It is important for 
the nursing staff to be aware that non-movement and non-responsiveness is not 
the correct endpoint of PICU sedation. The overall plan is to use sedative drugs 
as sparingly as possible so that the patient remains comfortable and responsive 
to his/her surroundings. Figure 3 sets out the sedation and analgesia scoring 
system as used in the PICU at the Royal Hospital for Sick Children in Bristol. It 
is a version of the Objective Pain Scale [18, 19] modified to measure discomfort 
in both ventilated and non-ventilated patients on PICU. It uses both physiolog
ical and behavioural measurement in the score, with ideal values (neither over or 
undersedated) at 3 to 7 (Fig. 3). 

Sedation scoring must be carried out hourly to monitor the adequacy of se
dation and comfort. If the major component of the discomfort is judged to be 
pain, then the analgesic component of the drug combination should be in
creased (increase the morphine Iketaminel clonidine infusion). If the major 
component is restlessness, then sedative drugs may be needed. Often simple 
nonpharmacological approaches alone are sufficient to calm a distressed infant 
(group 5). 
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Chapter 20 

Sedation and the paediatric patient 

N.S.MoRTON 

The actual figures of mortality and morbidity in children under sedation are 
not known. In an analysis of sedation disasters in the United States 52 deaths 
and 27 cases of significant morbidity were reported which were directly attrib
uted to sedation. These were mainly due to drug overdose, inadequate monitor
ing, inadequate training or premature discharge home. It is important to realise 
that hospitals and practitioners are being taken to task in court for inadequate 
sedation as well as for "sedation disasters". 

Aims and problems 

The aims of sedating children for diagnostic or therapeutic procedures are to re
lieve anxiety and stress, to provide pain relief, to induce appropriate sleep and to 
keep the child still enough to allow safe conduct of the procedure. The problems 
in achieving these aims are primarily the wide variability in the response of chil
dren to sedative agents in terms of both dose requirements and clinical effects. 
There is a continuum from the awake to the anaesthetised state, with loss of 
protective airway reflexes occurring unpredictably. Hypoventilation, apnoea and 
airway obstruction may occur with hypoxaemia and hypercarbia developing. 
This is particularly seen in younger infants or when combinations of sedatives 
and opioids are used. Cardiac output, heart rate and blood pressure may fall 
with the development of metabolic acidosis. Pulmonary, intracranial and in
traocular pressures may rise primarily due to the effects of the sedative drug (i.e., 
ketamine) or secondarily to hypoxaemia and acidosis. Disinhibition, restlessness 
and movement can occur unpredictably and may be exacerbated by hypox
aemia. Progression of the depth of sedation after painful or stimulating proce
dures are finished is also commonly seen, particularly when long-acting agents 
are used. Achieving the aims of sedation while minimising the problems is diffi
cult and in some children should not be attempted. 

Sedation is defined as "a technique in which the use of a drug or drugs pro
duces a state of depression of the central nervous system, enabling treatment to 
be carried out, but during which verbal contact with the patient is maintained 
throughout the period of sedation. The drugs and techniques used should carry 
a margin of safety wide enough to render unintended loss of consciousness un
likely". In the sedated state, protective reflexes are maintained, the airway is main-
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tained independently and continuously and the child can respond to physical 
stimulation or verbal command [1]. 

In children it is difficult to achieve adequate anxiolysis, analgesia, sleep and 
lack of movement to allow the safe conduct of many diagnostic and therapeutic 
procedures if a state of sedation as defined in this way is used. Many children are, 
in fact, anaesthetised to achieve these aims. "Loss of consciousness is a state of 
anaesthesia with all its attendant risks". In the anaesthetised child, partial or 
complete loss of protective reflexes occurs, the airway cannot be maintained in
dependently and continuously and the child is unable to to respond to physical 
stimulation or verbal command. Any attempt to differentiate light sedation, 
deep sedation and anaesthesia is fundamentally flawed because the states overlap 
unpredictably. 

Principles of safe sedation of children 

The standards of care of the sedated child should therefore be those of the child 
undergoing general anaesthesia. This requires careful selection and preparation 
of patients, exclusion of unsuitable patients, use of appropriate drugs, equip
ment, clinical and electronic monitoring by personnel appropriately trained in 
paediatric sedation and resuscitation, avoidance of the "operator-sedationist" 
and implementation of appropriate discharge criteria. This is the approach rec
ommended in adult practice by the working party reports of several Royal Col
leges (Physicians, Surgeons, Anaesthetists, Radiologists and Ophthalmologists) 
and in the published guidelines from the American Academy of Paediatrics [2]. 
A rational approach is to ask and answer the following key questions before un
dertaking the procedure: 
- Is the procedure going to be painful? 
- How long will the procedure last? 
- What is the medical status and age of the child? 
- Are there contraindications to sedation? 
- Has consent been obtained? 
- Has the child been fasted? 
- Who is going to look after the child during and after the period of sedation 

and what training does this person have? 
- When and by whom is the child going to be discharged? 

It is preferable to use drugs with a rapid onset and short duration of action so 
that it is easier to titrate the dose to achieve the desired effect. The ability to 
pharmacologically antagonise any sedatives used is desirable. If the procedure is 
painful, use of local anaesthesia at the painful site applied topically in advance 
and lor infiltrated has an important "sedative-sparing" effect and often circum
vents the need for opioids with all their potential adverse effects. 
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Patient selection 

A full history and examination should be carried out and an active search made 
for contraindications to sedation and for significant underlying medical and 
surgical disorders [3,4]. The past sedation history should be checked because 
previous failed sedation may warrant referral for a general anaesthetic. Small 
children merit particular caution and in some children the pharmacokinetics 
and dynamics of sedatives may be abnormal, for example in renal failure, hepat
ic failure, and in children with induced enzymes such as those on regular anti
convulsant drugs. Contraindications to sedation are: 
- abnormal airway; 

raised intracranial pressure; 
depressed level of consciousness; 

- history of sleep apnoea; 
respiratory failure; 

- cardiac failure; 
- gastro-oesophageal reflux; 
- bowel obstruction; 
- active infection; 
- known drug allergy / adverse reaction; 
- previously failed sedation. 

Particular caution is required with sedation in the following: 
- neonates, especially if premature or ex-premature; 
- infants and children age <5 years; 
- renal impairment; 
- hepatic impairment; 

epilepsy; 
on anticonvulsant therapy; 

- asthma. 

Patient preparation 

Written informed consent should be obtained and this should include an expla
nation of the procedure and sedation technique to be used. Parents should be in
formed of the possibility that sedation may fail and that either the procedure 
may have to be abandoned or the child may require a formal general anaesthet
ic. The child should be fasted as for a general anaesthetic (6 h for solids or bot
tIe milk, 4 h for breast milk, 3 h for clear fluids). Venous access should be secured 
under topical local anaesthetic cover, if at all possible prior to the administration 
of any sedation. Topical local anaesthesia should also be applied to the sites of 
any other needle punctures such as for lumbar puncture, bone marrow sampling 
or cannulation for interventional radiology or cardiology. The skin overlying 
these areas will be anaesthetised and the area can then be infiltrated with further 
local anaesthetic prior to the needling procedure. The sedative prescription 
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should be double checked to ensure dosages are correct. Monitoring should be 
started from the time of administration of the sedative agent until discharge 
and must include the period when the patient is being transferred, for example, 
from ward to radiology department. Equipment for monitoring children and 
paediatric resuscitation drugs and equipment must be available throughout the 
period from the time the sedative is given until discharge. The staff undertaking 
this monitoring role must be properly trained and should be able to deliver ba
sic life support measures and initiate advanced life support for children. 

Checklist for safe paediatric sedation: 
- check age, weight and identity; 
- check consent; 
- check fasting; 
- check for contraindications; 

check past sedation history; 
check for significant underlying medical or surgical disorders; 
check for allergies; 
double check the sedation prescription and administration; 
check monitoring, resuscitation equipment and drugs; 
check the supervision of the child from pre-sedation to discharge. 

Monitoring standards 

The personnel undertaking monitoring of the sedated child must be appropri
ately trained in paediatric resuscitation, monitoring techniques and sedation 
techniques. These individuals may be nursing, paediatric medical, surgical, radi
ology or anaesthetic staff and should have as their sole duty the monitoring of 
the sedated child and should not take part in the procedure. They must be addi
tional to and separate from the person carrying out the procedure whether this 
is diagnostic or therapeutic. In some countries the concept of monitored anaes
thesia care has been developed for such situations and it may be that anaes
thetists need to become more actively involved in the large numbers of such 
cases. The most important monitor is the trained person using observational 
and clinical skills and assisted by electronic monitoring as appropriate (i.e., pulse 
oximetry, ECG, non-invasive blood pressure device, temperature measurement 
and capnography). 

The frequency and intensity of observations and assessments to be made 
should be matched to the child and the procedure and a balance must be struck 
between safety and practicality to allow the procedure to proceed without arous
ing the sleeping child and with the minimum of disruption. It is important for 
clinical and legal reasons that the observations are charted, something that is 
rarely done in many centres at present. The minimum monitoring standard 
should comprise regular assessments of the level of sedation, oxygen saturation 
by pulse oximetry, respiratory rate and pulse rate supplemented by temperature, 
ECG and blood pressure for infants, for prolonged procedures or when verbal 



Sedation and the paediatric patient 179 

contact with the child is lost. Monitoring should continue after the procedure 
and during transfer back to the recovery or ward area until discharge criteria are 
met. This is important because the depth of sedation may progress, particularly 
after the stimulus of a painful procedure has receded and especially if long-act
ing agents are used. A proactive check on the patency and stability of the airway 
should be made, protective reflexes should be intact, the child should be awake 
or back to his normal response level, hydration should be adequate and haemo
dynamics should be stable. 

Recovery and discharge criteria are: 
- airway patent and stable, unsupported; 
- easily rousible; 
- oxygen saturation >96% breathing air; 
- haemodynamically stable; 
- hydration adequate; 
- returned to normal level of responsiveness and orientation for age and men-

tal status; 
- can talk (age appropriately); 
- can sit up unaided (age appropriately). 

Recommended techniques 

Single, short-acting sedative agents (i.e., midazolam) and appropriate use oflo
cal anaesthesia (topically applied and/or infiltrated) are preferred. Combina
tions of sedatives with opioids and use of long-acting agents are not recom
mended. Anaesthetic drugs such as propofol or ketamine should only be given 
by anaesthetists. 

Nitrous oxide or Entonox 

Nitrous oxide is a gas with analgesic and sedative properties which is taken up 
and eliminated very rapidly from the lungs. It is very insoluble in the blood so is 
delivered very quickly to the brain to produce an analgesic effect equivalent to 
intravenous morphine. Maximal pain relief is achieved after approximately 2 
min of inhalation. Nitrous oxide can be given in oxygen in inspired concentra
tions up to 70% but this requires a special delivery system and such a concen
tration may lead to loss of verbal contact with the patient. It is more conve
niently given in the form of "Entonox", which is a cylinder of premixed nitrous 
oxide in oxygen which automatically delivers 50% nitr.ous oxide and 50% oxy
gen. The cylinder contents are under pressure and a flow of gas to the patient is 
usually activated on demand by the patient taking a breath in via a special valve. 
Recently, the design of these valves has improved to a lightweight, child-friend
ly system with an opening pressure of 1-2 cmH2o. The child can breath via 
a facemask, nasal mask or mouthpiece and the system is best regarded as a 
form of inhaled PCA with the child holding the mask or mouthpiece and con-
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trolling the inhalation. This has an important safety function in maintaining se
dation and thus verbal contact. It is not very suitable for children <3 years old 
and works best of all in co-operative children aged >5 years. Entonox can be 
used for a wide variety of procedures in paediatrics which require potent anal
gesia for a short time: 
- suture insertion or removal; 
- dressing removal or changes (including burns); 
- drain or catheter removal; 

venepuncture or cannulation; 
lumbar puncture; 
physiotherapy; 
biopsies (skin, muscle, renal, bone marrow). 
Nitrous oxide/Entonox is not suitable for all children and there are absolute 

contraindications to its administration: 
- pneumothorax; 
- bowel obstruction; 
- abnormal airway; 
- recent head injury (especially if intracranial air); 

chronic respiratory disease; 
uncorrected congenital heart disease; 

- gastro-oesophageal reflux; 
- age <3 years; 
- cannot cooperate or understand technique; 

previous problems with Entonox; 
Nitrous oxide is highly diffusable and will move more rapidly into an air 

pocket than the nitrogen in the air pocket moves out. The air pocket will there
fore expand in volume or if in a confined space (i.e., within the chest or cranial 
cavities or within the lumen of the bowel) the pressure will increase. This 
tension effect is extremely dangerous, producing tension pneumothorax, 
ischaemia or shift of intracranial contents or bowel distension with risk of per
foration. 

Nitrous oxide produces a degree of sedation and potentiates the sedative ef
fects of other central nervous system depressants so care is required when opi
oids, benzodiazepines or antihistamines have also been given. Nitrous oxide can 
also induce nausea and vomiting but if it is to be used as the sole sedative and 
analgesic, the incidence of emesis is very low and therefore fasting is not required. 
If, however, other sedatives or analgesics have been given, the child should be 
fasted as for a general anaesthetic (6 h for solids or milk, 3 h for clear fluids). Oth
er adverse effects of nitrous oxide are the potential to oxidise vitamin B12 and af
fect erythropoiesis and disputed effects on personnel of prolonged or repeated 
exposure. It is important that nitrous oxide administration is performed in well 
ventilated areas and that, where possible, the expired gases are scavenged. 

As with any sedative technique, consent, selection, preparation, monitoring 
and record-keeping should be as noted above and trained personnel should be 
in charge of administering and monitoring the child receiving nitrous oxide. 
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Midazolam 

Midazolam is a water-soluble benzodiazepine which produces sedation, anx
iolysis and amnesia but is not an analgesic. It can be administered by parenteral 
(i.v., i.m.), oral, sublingual, nasal or rectal routes. It is rapidly distributed and has 
an elimination half-life of 70-140 min but this is considerably prolonged in 
neonates. 

Intravenous midazolam 

The intravenous formulation of midazolam (2 or 5 mg/ml) is very acidic, with a 
pH of 3.3, and prior to administration to children it is advisable to dilute the 
drug with 5% dextrose or 0.9% saline to a minimum volume of 10 ml. There is 
no pain on injection and small increments of 0.05 mg/kg (50 mg/kg) given over 
10-15 s will produce smooth induction of sedation whilst minimising respirato
ry depression or hypotension. The onset of action is slower than that seen with 
intravenous anaesthetic agents. This means that after each increment a delay of 
at least 60 s should be allowed for the effects of the drug to be seen. The incre
mental dose of 0.05 mg/kg can be repeated in this way, titrating the dose against 
the level of sleep up to a total dose of 0.3 mg/kg. A useful clinical endpoint for a 
safe level of sedation is ptosis (closure of the eyelids). 

Occasionally, hypotension is seen when bolus doses are used in critically ill or 
very small infants and particular care is required in these cases. Respiratory de
pression may be seen, particularly when midazolam is given along with opioids 
or other sedative agents. Like all benzodiazepines, midazolam can produce a 
state of disinhibition or restlessness in up to 10% of children, especially in those 
under 5 years of age. This state does not respond to further increments of the 
drug and misinterpretation of this sign can lead to overdosage. 

There is a wide interpatient variability in response to benzodiazepines, so 
titration with an upper dose limit is the safest approach. The intravenous mida
zolam technique must only be used in the context of careful patient selection, 
preparation and monitoring and children must be fasted as if they are having a 
general anaesthetic. This procedure must not be undertaken by untrained staff. 
The person giving intravenous midazolam must be fully trained in paediatric se
dation and paediatric resuscitation and must have as their sole duty the sedation 
and monitoring of the child. They must not undertake the diagnostic or thera
peutic procedure as well. Trained anaesthetic or medical staff or nurse specialists 
can all use this technique safely provided the selection and monitoring stan
dards are implemented correctly. 

Oral midazolam 

Midazolam can be given orally and this route has been extensively researched as 
a method of premedication of children. The standard intravenous formulation 
is used but is very bitter tasting so a sweet vehicle is required as disguise. A vari-
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ety of local-favourite formulations have been developed, including standard 
pharmaceutical syrup, cola, lemonade, sweet or iced fruit juices, paracetamol 
syrup or a Glasgow perennial "Irn-Bru"! Up to 1 mllkg of any of these can be al
lowed as a diluent and a commercially produced formulation is under trial. The 
oral dose is ten times larger than the intravenous incremental dose because of 
extensive first-pass liver metabolism after gastrointestinal absorption. The most 
commonly used dose is 0.5 mg/kg, maximum 15 mg (although some workers 
recommend 0.75 mg/kg). The onset of effect is within 30 min and there is a fur
ther 30 min window of opportunity when sedation is at its maximum. Supple
mentary intravenous midazolam may be given, with the provisos noted above. 
For painful procedures, local anaesthesia supplementation should be used in 
preference to opioid supplementation to minimise the risk of respiratory de
pression. In some cases, nitrous oxide/Entonox analgesia may be more appro
priate. 

Recovery after these techniques is rapid and is usually complete within 2 h, al
lowing early return to oral intake of fluids and nutrition and prompt discharge 
home if appropriate. 

Midazolam-based sedation techniques should be the first-choice technique in 
modern paediatric practice and a suggested scheme to cover most paediatric di
agnostic and therapeutic procedures will be presented. 

Antagonism of benzodiazepine sedation with flumazenil 

In the event of overdosage with midazolam, basic and advanced life support 
measures are the priority (Airway, Breathing, Circulation, Oxygen) but the spe
cific benzodiazepine antagonist flumazenil should also be considered. Flumaze
nil must be available immediately whenever midazolam is given to children. 
The incremental dose is 5 mg/kg, repeated every 60 s to a total of 40 mg/kg. In 
severe cases, an infusion of flumazenil may be needed as its effective half-life is 
shorter than that of most of the benzodiazepines (rate 10 mg/kg/h). Children 
receiving flumazenil may awaken very abruptly and may become acutely agitat
ed, restless or even have seizures, and care must be taken to protect the child 
from injury if this occurs. The availability of flumazenil should not be an ex
cuse for using excessive doses of benzodiazepines, and care is required when de
ciding when to discharge children if flumazenil has been used as resedation is a 
possibility. 

Midazolam can also be given by the nasal, rectal or intramuscular routes but 
these are unpleasant and disliked by children, and cannot be recommended. 

Temazepam 

Temazepam can be used orally as anxiolytic and sedative premedication prior to 
procedures in a dose of 0.2-0.5 mg/kg to a maximum dose of 20 mg. It is best 
given 60-90 min in advance of the procedure and produces useful sedation for 
up to 2 h. The syrup (1 mg/ml) or tablet formulations can be used. 
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Diazepam 

Diazepam can be useful as oral premedication in a dose of 0.2-0.3 mg/kg. As an 
emulsion formulation it can be titrated intravenously in increments of 0.1 
mg/kg repeated at 60 s intervals up to a total maximum dose of 0.5 mg/kg or un
til ptosis is seen. Diazepam has a long-acting, active metabolite which may delay 
recovery. The effects of diazepam can be reversed by flumazenil as above. 

Trimeprazine 

Trimeprazine oral syrup is still commonly used as a paediatric sedative, 
antiemetic premedication. The recommended dose is 1-2 mg/kg, but many pae
diatric centres still use 3 mg/kg. Recovery may be prolonged after larger doses. 
Sedation is not reversible with flumazenil or naloxone. 

Chloral hydrate 

This syrup is used for sedative premedication prior to non-painful procedures. 
The recommended dose is 25-50 mg/kg but doses up to 100 mg/kg are some
times used. The onset of sedation takes about 1 h and lasts about 1 h but resid
ual effects may be evident for 24 h. Particular care is required when combined 
with other sedative agents. Gastric irritation, hypotension and excessive depth of 
sedation may occur and the sedation is not reversible with flumazenil or nalox
one. 

Barbiturates 

Rectally or orally administered barbiturates (i.e., oral quinalbarbitone 5-10 
mg/kg) have been used for paediatric sedation but produce variable depth and 
duration of sedation. They should not be used for painful procedures. There are 
no antagonists available. 

Ketamine 

Ketamine is an anaesthetic agent which can be given by the oral, intravenous or 
intramuscular route. It should only be administered by trained anaesthetists 
and children should be fasted as for a general anaesthetic. In low doses it is a 
potent analgesic and in higher doses it also produces a state of dissociative 
anaesthesia. Ketamine tends to cause sympathetic nervous system stimulation 
and so blood pressure tends to remain stable or increase, intracranial pressure 
increases and elevated pulmonary pressure may rise further. It should not be 
used in patients with systemic, intracranial or pulmonary hypertension. Keta
mine induces dose-related respiratory depression and augments the respirato
ry depressant effects of other sedative agents. It also tends to stimulate saliva
tion and airway secretions and this may induce coughing and laryngeal spasm. 
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These effects can be prevented by atropine premedication (orally 20-40 mg/kg 
or i.v. 10-20 mg/kg). Central nervous stimulation may lead to restlessness, 
nightmares and delirium but these effects can be reduced by premedication 
with a benzodiazepine as above. The new purified stereoisomer form of keta
mine (S-ketamine) is as effective as ketamine without producing the CNS side 
effects. 

Ketamine dosage schedule 

- Oral: 10-20 mg/kg, 20-30 min in advance. 
- Intramuscular: 2-10 mg/kg. 
- Intravenous: 1-2 mg/kg, increments 0.5 mg/kg every 60 s or infusion 10-50 

mg/kg/per minute. 

Opioids 

Opioids should only be used for painful procedures if local anaesthesia cannot 
be used or has failed. They should not be used as sedatives for non-painful pro
cedures because of the risk of respiratory depression. Cocktails of sedatives with 
opioids given orally or intramuscularly should not be used as they are associat
ed with a high risk of respiratory depression, loss of airway control, cardiovas
cular instability and prol.onged recovery. Short-acting potent opioids such as 
fentanyl, alfentanil and remifentanil should only be used by anaesthetists or in
tensivists and should not be used outwith the operating room or intensive care 
unit. It is probably best to become familiar with titrating one opioid such as 
morphine given in small increments intravenously, for example 20 mg/kg, re
peated every 5 min to the desired end-point. Morphine can be given orally but 
the sedative effect is unpredictable and it is difficult to titrate the dose to achieve 
the desired effect. 

Antagonist for opioids: naloxone 

The sedative, respiratory depressant and analgesic effects of opioids can be an
tagonised by naloxone 2-4 mg/kg Lv. repeated to 10 mg/kg. The duration of 
naloxone's effect is short and an infusion may have to be given to maintain re
versal at a dose of 10 mg/kg/per hour. Naloxone can be given i.m. in an emer
gency in a dose of 10 mg/kg. 

Conclusions 

- Children undergoing sedation should be prepared and monitored as for a 
general anaesthetic. 

- A separate trained person should monitor the child during and after sedation. 
- The contraindications to sedation must be actively sought. 
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An accurate record of the sedation procedure and monitored recordings 
should be made and filed in the case record. 
Single titratable antagonisable agents should be used and combinations with 
opioids avoided. 
Do not use opioids for non-painful procedures. 
Use local anaesthesia for pain control wherever possible. 
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Chapter 21 

Immediate postoperative considerations 

P.A. LONNQVIST 

Indications of the unglamorous nature of immediate paediatric postoperative 
care are the telling scarcity of published studies in this field and the very limited 
attention paid to these problems in paediatric anaesthesia textbooks. Despite 
the lack of flair this is indeed an important period in both the surgical and 
anaesthetic process. Here a review of the different problems that the paediatric 
anaesthesiologist might face are presented and, due to the relative lack of signif
icant publications within this field, to a large extent mirror the views, opinions 
and patient populations encountered by the author. The review does not in
clude specific problems that might occur following more advanced types of 
surgery for example, neonatal, cardiac, neuro- or maxillofacial surgery. For the 
best available overview of this topic the text by Berde and Todres [1] is recom
mended to the reader. 

Standard treatment and monitoring 

All patients should benefit from certain fundamental monitoring and basic ther
apies. Immediately on arrival to the recovery area the patient should receive sup
plemental oxygen and have a pulse oximeter probe put on [2,3]. Whether addi
tional monitoring, i.e., EeG and noninvasive blood pressure recording, is war
ranted depends on the extent of the surgical procedure or if any complications 
were experienced during anaesthesia. However, even following minor surgery or 
interventions, the patient's blood pressure should be checked at least once in the 
immediate postoperative period. The administration of supplemental oxygen is 
often not accomplished without some difficulties in children. Face masks and in
tranasal catheters are often poorly tolerated since the child will try to take them 
away as soon as they start to regain consciousness. Better options are usually nasal 
prongs or just to flood oxygen in front of the patient's face. Motion artifacts or 
frank dislodgment of the pulse oximeter probe, causing false alarms, are also fre
quent problems. If the patient has an epidural or some other sort of more exten
sive regional block which impairs the mobility of a limb, an excellent option is to 
put the probe on the blocked limb. This will not only ensure better stability of the 
probe but, since the block will also cause a sympathetic block, perfusion is good 
and the opportunity for a good pulse oximeter signal enhanced. However, since 
the patient will not be able to feel discomfort from the probe under these circum-
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stances, care must be taken not to cause undue pressure when fixating the probe. 
Failure to do so has been found to cause incipient pressure sores or first degree 
burn injury (own unpublished observations). Of utmost importance is monitor
ing the patient's respiratory rate. This is a simple and effective way of avoiding hy
poventilation and, thus, respiratory rate should be monitored in all patients that 
are not wide awake. If the patient has an intravenous catheter in place, an intra
venous infusion should be started if not already running. This will ensure hydra
tion of the patient who, despite new preoperative fasting guidelines, only too often 
will have had a prolonged period of fluid restriction prior to surgery. Inclusion of 
glucose in the postoperative solution might be of benefit for the general sense of 
well-being of the patient. The neuroendocrine reaction to surgery will cause a cer
tain degree of water retention and, thus, the infusion rate does not have to be 
higher than the basic requirements of normal patients. Overenthusiastic infusion 
rates can increase the problem of postoperative urinary retention (see below). All 
patients delivered to the recovery room should have received some type of anal
gesia in advance and written orders for the recovery nurse should be readily avail
able if the patient should experience breakthrough pain. 

Postoperative hemorrhage 

In contrast to adults, postoperative hemorrhage is uncommon following pae
diatric surgery since paediatric surgeons are usually very meticulous regarding 
hemostasis. Exceptions to this are patients who have been subjected to spinal 
(scoliosis), craniosynostosis or hip surgery or have undergone liver resections 
or tonsillectomies. These patients need to be followed very carefully regarding 
blood loss by checking surgical drains, haemodynamics and hematocrit levels. 
Despite the rarity of postoperative hemorrhage following paediatric surgery, it 
is prudent to check hematocrit levels at least once during the recovery room 
stay after anything but minor procedures. In view of potential infections (i.e., 
HIV, hepatitis C) and the negative effect on the immune system as well as the 
body's own erythropoesis, physicians are becoming more conservative regard
ing transfusions of packed red cells. It is therefore not possible to have a gener
al target value below which the patient should be transfused. Before the ad
ministration of blood products it is therefore wise to consult with the surgeon 
in charge. Although low hematocrit levels might be tolerated without any ma
jor problems or drawbacks, it is vital that the patient is kept normovolemic. 
This can be accomplished by the administration of either crystalloids or col
loids. 

Respiratory problems 

Respiratory problems are frequently encountered and range from simple snor
ing due to a slight runny nose to life-threatening airway obstructions. Some of 
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the most frequent conditions causing respiratory problems are listed below to
gether with a suggested cause of action to solve the problem. 

Pulse oximeter desaturation alarm: first, observe the patient and see whether he 
is obviously cyanotic and check that the supplemental oxygen is in place. Sec
ondly, control that the pulse oximeter probe is still on the patient, that there is 
an adequate plethysmographic curve on the monitor, and that the perfusion 
indicator is adequate. If not, change the location of the probe. If the pulse 
oximeter still shows that the patient is desaturated, further action is required. 

- Postextubation stridor. due to the specific anatomy of the paediatric airway, 
where the cricoid cartilage constitutes the narrowest part of the airway, 
postextubation stridor is a frequent problem [4]. The situation resembles 
pseudocroup, with inspiratory stridor and a barking cough, and is due to sub
glottic edema caused by either too large an endotracheal tube or a hypersen
sitive airway mucosa, most often due to recent pseudocroup or other airway 
infections. The best treatment is prophylaxis, using an endotracheal tube 
which will allow some leakage at inspiratory pressures of 20 cmHzO or defer
ring anaesthesia and surgery for 6 weeks following an episode of pseudocroup. 
The use of a laryngeal mask airway might be a good alternative in this situa
tion. However, if faced with this condition in the recovery room, inhalation of 
racemic epinephrine and intravenous administration of cortisone is usually 
effective. In severe cases, reintubation with a very small endotracheal tube 
might become necessary. 
Bronchospasm: this condition might present itself in already predisposed chil
dren or can occur as a part of the emergence from anaesthesia. Regurgitation 
with minor or major aspiration are other triggering factors. In contrast to the 
case in adults, pulmonary embolism is quite uncommon. However, pul
monary embolism can occur also in children and, if it does, the cause is usu
ally air embolism. The symptoms of bronchospasm are the ordinary ones: ex
piratory stridor combined with wheezing on auscultation. Bronchospasm will 
most often respond well to inhalation of ~2-agonists. If this does not amelio
rate the condition, further treatment with intravenous theophylline and cor
ticosteriods should be given. In more persistent cases inhalation of a helium -
oxygen mixture can, in certain patients, prevent the necessity of deep sedation 
combined with reintubation and artificial ventilation. 
Opioid-induced respiratory depression: hypoventilation due to opioid overdose 
is quite frequently encountered in the immediate postoperative period. There 
are usually three different explanations for the occurrence of opioid-induced 
respiratory depression: 
• overdosage of opioids during the anaesthetic, necessitating the administra

tion of naloxone at the end in order to regain spontaneous ventilation. If an 
subcutaneous dose of naloxone was not administered concomitantly with 
the intravenous dose, or if an insufficient subcutaneous dose was given, re
narcotization can occur in the recovery room; 

• an overdose of opioids has been administered in the recovery room due to 
insufficient initial pain relief; 
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• intravenous opioids have been administered in a patient who has received 
epidural or intrathecal opioids. 

The symptoms are classical: bradypnea and pinpoint pupils with or without 
concomitant desaturation. Treatment consists of manual ventilation followed 
by the administration of naloxone. Care should be taken not to be to overam
bitious with the dosage of naloxone since otherwise the patient can awake in 
excruciating pain. 

- Upper airway obstruction: apart from postextubation stridor (see above) upper 
airway obstruction almost exclusively appears in patients who have undergone 
surgery in the airways (i.e., ENT surgery, cleft palate repair, bronchoscopy) or 
have some already known predisposing syndrome (i.e., Pierre Robin, Down's 
syndrome). The causative factors are mainly nasal congestion, swelling of the 
upper airways, residual anaesthetic effects leading to hypotonia of the pharyn
geal muscles, or a foreign body (i.e., blood clot, mucus plug or a surgical 
swab/throat pack left behind). Immediate actions can range from a chin lift or 
inserting a nasopharyngeal airway to emergency laryngoscopy with reintuba
tion, or, in the worst case scenario, tracheotomy, depending on the degree of the 
obstruction. In more severe cases the patient should be brought back to the op
erating room immediately and be re-anaesthetized, preserving spontaneous ven
tilation, and an ENT surgeon should be alerted in order to be ready to perform 
a tracheotomy should regular intubation fail to avert the problem. 
Pertussis-induced, severe coughing: during the acute phase of pertussis, cough
ing can be so severe that extubation will become virtually impossible. This pre
disposition to react with whooping-like cough to a common cold or to manip
ulations in the airway can persist for up to 6 months after the acute episode. If 
possible, elective surgery should, thus, be postponed until this risk is overcome. 
If previous pertussis infection is not identified during the preanaesthetic inter
view or if surgery has to be performed regardless of an acute pertussis infection, 
severe problems can occur during emergence from anaesthesia or sometimes as 
late as in the recovery room. This is a very problematic situation and deep se
dation and reintubation are frequently required. On occasion, intravenous ad
ministration of lidocaine (1-2 mg/kg) may be helpful. 
No obvious reason immediately apparent. do not forget the possibility of 
pneumothorax, especially following central venous catheterization, inter
costal blocks, upper abdominal surgery, bronchoscopy, or dilatation of an 
esophageal stricture. Major atelectasis can also be a cause of significant des at
uration. A thorough physical examination and an emergent chest radiograph 
are fundamental to rapid diagnosis and treatment of these conditions. 

Unsatisfactory pain relief 

Unsatisfactory pain relief constitutes one of the most frequent complaints in 
the immediate postoperative period. In this regard age-appropriate pain scales 
are very useful tools for two reasons. First, postoperative pain can be repeated-
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ly assessed and, secondly, the effects of supplemental analgesic administration 
can be evaluated. Satisfactory results can often be achieved by adequate ad
ministration of nonopioid analgesics, for example, paracetamol (initial dosage 
of 40 mg/kg has recently been proposed), regular nonsteroidal anti-inflamma
tory drugs (NSAIDs) (i.e., diclofenac 1 mg/kg following orthopedic proce
dures), or keterolac (0.1 mg/kg i.v.). Combinations of paracetamol and codeine 
(approx. 1 mg/kg) can also be helpful in this regard. Top-up dosing of conti
nuous regional blocks might be effective but attention should be paid to maxi
mum safe dosage (bupivacaine in neonates: 0.2 mg/kg per hour; in older chil
dren: 0.4 mg/kg per hour). Despite the actions outlined above opioids will often 
be needed either as single bolus injections, continuous infusions, or patient
controlled analgesia. 

Postoperative confusion! agitation 

As part of the emergence process quite a number of patients display a state of 
confusion or agitation. It is obviously of vital importance to rule out hypoxia as 
the cause of this condition but the use of pulse oximetry usually solves this issue. 
Urinary retention is another possible cause for this condition (see below). How
ever, most often no specific cause can be found and, thus, frequently an unusu
al reaction to drugs administered in the preoperative period might be the 
causative factor. When midazolam was first introduced, recovery room nurses 
regularly complained about an increased frequency of this problem. The use of 
sevoflurane has also been associated with a brief period of adverse emergency 
reactions especially in preschool boys [5]. However, problems following sevoflu
rane anaesthesia might be attributed to inadequate pain relief due to the rapid 
emergence after sevoflurane anaesthesia and the problem is less pronounced if 
regional anaesthesia techniques have been used. The drug used for premedica
tion can also affect the occurrence of unwanted emergence reactions after 
sevoflurane anaesthesia. In the author's experience such reactions are extremely 
rare if morphine, diazepam or clonidine has been used for premedication, 
whereas confusion/agitation is not infrequent if midazolam has been adminis
tered in the preoperative period. Thus, in the opinion of the author midazolam 
is overrated as a premedication in children and should best be avoided if 
sevoflurane is going to be used as the main anaesthetic. 

Urinary retention 

Urinary retention is usually not a main problem in the recovery room except fol
lowing lengthy procedures during which quite a lot of intravenous fluid has 
been administered and a Foley catheter has not been placed. The patient only 
rarely complains about urgency to void or suprapubic pain but instead presents 
with agitation or confusion frequently mistaken for emergence delirium, pain, 
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or possible hypoxia. Palpation and percussion will usually give the diagnosis but 
if the patient is very uncooperative, an ultrasonographic examination is very 
helpful. However, if the opportunity for an ultrasonographic examination is not 
readily available, a test catherization of the bladder should be performed if oth
er reasons for the patient's problems have been ruled out. 

Postoperative nausea and vomiting 

Postoperative nausea and vomiting (PONY) present a very significant clinical 
problem. A multitude of risk factors have been identified which increase the 
likelihood of PONY, for example age >2 years, previous history of PONY or 
motion sickness, certain types of surgery (strabismus correction, ENT proce
dures, inguinal hernia repair), and perioperative use of opioids [6]. Regarding 
ambulatory surgery PONY is the most frequent factor causing unplanned 
overnight hospitalization of the patient. Three important issues regarding 
PONY will be discussed in some depth. 

Currently used treatments for PONY 

The new HT-3 blockers (i.e., ondansetron) have been found to be effective in the 
treatment of established PONY. However, most studies comparing the efficacy 
of ondansetron vs. low-dose droperidol have found droperidol as efficacious as 
ondansetron for the treatment of PONY. Since droperidol is much cheaper than 
ondasetron, droperidol currently appears to be the first choice. Small doses of 
propofol have also been suggested as an effective treatment of PONY. However, 
the results of initial paediatric studies regarding the use of propofol in this set
ting have been disappointing. 

Need for preventive measures in patients with risk factors 

Patients with risk factors should receive special attention in order to minimize 
the risk for PONY. Exclusion of any medication known to cause PONY, prophy
lactic administration of low-dose droperidol, clonidine or ondansetron, and the 
use of a propofol or sevoflurane anaesthetic should be considered. Prophylactic 
steroid administration in patients undergoing tonsillectomy has been shown to 
be effective in this regard. Central nerve blocks (i.e., spinal and epidural block
ade) combined with light intravenous sedation have been reported to substan
tially reduce the incidence of PONY and should be considered in appropriate 
patients. 

Use of opioids and nitrous oxide 

Opioids are notoriously known to cause PONY. With the availability of new 
analgesic drugs (i.e., ketorolac), more appropriate use and dosage of existing 
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analgesics (i.e., paracetamol and NSAIDs), and the increasing use of regional 
anaesthesia techniques, it should be possible to minimize the use of opioids. By 
excluding the use of opioids in our out-patient inguinal hernia repair cases we 
have been able to reduce the incidence of vomiting from 25% to approximately 
5%, still with good quality pain relief postoperatively. Especially the uncritical 
use of small doses of fentanyl or alfentanil for the attenuation of brief intraop
erative events (i.e., endotracheal intubation, peritoneal traction during inguinal 
hernia repair) instead of temporarily increasing the depth of sevoflurane or 
propofol anaesthesia should best be avoided. Nitrous oxide has been implicated 
as a factor causing PONY. However, a meta-analysis review on this topic has 
failed to substantiate this allegation. Thus, the role of nitrous oxide in regard to 
PONY is still not entirely clarified. 

Hypothermia/ shivering 

Due to the unfavorable body surface/body mass relationship neonates, infants, 
and toddlers are prone to intraoperative heat loss. Despite the use of intraopera
tive temperature monitoring as well as warm intravenous fluids and forced hot 
air devices, postoperative hypothermia is still encountered too frequently at the 
end of surgery. In order to regain normal temperature the body needs to produce 
heat. The neonate is unable to produce heat by shivering and has to rely on in
creased metabolism in brown adipose tissue. However, older children will in
crease muscle activity by way of shivering. Both of these heat-producing mecha
nisms substantially increase oxygen consumption and oxygen demand. As out
lined above, frank hypoxia or borderline hypoxia is not infrequently experienced 
in the immediate postoperative period for a number of reasons and, thus, in
creases in oxygen demand during the recovery room stay can be deleterious to 
the patient. Shivering is also frequently seen following volatile agent anaesthesia 
despite apparently normal body temperature. The initial treatment of hypother
mic patients in the recovery room should consist of supplemental oxygen ad
ministration, warm blankets, or an overhead radiant heater. If shivering is pro
nounced and is deemed to require pharmacological intervention, either low
dose pethidine (approx. 0.2 mg/kg i.v.) or clonidine (lilg/kg i.v.) are often use
ful. 

Duration of recovery room stay 

No consensus guidelines exist regarding duration of the recovery room stay. This 
is governed both by patient-related factors as well as the possibility for supervi
sion and monitoring of the patients on the general ward. Patients with an un
stable haemodynamic situation, patients with obvious or potential airway prob
lems, or patients who have received epidural morphine should ideally stay 
overnight. In more normal postoperative patients, the recovery room stay can be 
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individualized but should not ever be less than 30 min, except maybe after sin
gle-injection propofol anaesthesia/sedation for very minor procedures. In pa
tients who have been endotracheally intubated a 2 h observation period is re
quired in order to safeguard against the occurrence of postextubation stridor. 

Discharge criteria 

Prior to discharge the patient should be fully conscious with stable haemody
namics. No signs of respiratory problems should be allowed and, thus, if the pa
tient displays any symptoms of stridor, respiratory distress or borderline oxygen 
saturation he should be kept for an extended period in the recovery room until 
these problems resolve or should be admitted to the intensive care unit for fur
ther observation and treatment. One very important issue that needs to be con
firmed in these days of health care budget cuts and nursing staff limitations is 
that the receiving ward has appropriate staffing and monitoring capabilities to 
take care of the patient. The lack of such fundamental resources has provoked 
the necessity for the development of high-dependency units where patients can 
be cared for during an extended postoperative period. 
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Chapter 22 

Update on respiratory distress syndrome 

D. VIDYASAGAR 

Respiratory distress syndrome (RDS), also known as hyaline membrane disease 
(HMD), is the most common cause of mortality and morbidity in premature in
fants. Approximately 1 % of all newborns world/wide develop RDS. In the USA 
about 5 000 neonatal deaths/year are due to RDS [1]. Over the last two decades 
mortality from RDS has dramatically decreased even for extremely premature 
newborns [2]. Several factors are attributable to improved outcome, and name
ly: 1) better understanding of lung maturation; 2) improved perinatal manage
ment; 3) postnatal use of surfactant as replacement therapy; 4) improved venti
latory management; 5) overall improvement in managing extremely low birth 
weight infants. This review will highlight the advances in these areas. 

Respiratory distress syndrome: growth of body of knowledge 

Recently, we reviewed all the articles related to neonatology published in "Paedi
atrics", the official journal of American Academy of Paediatrics during the last 
fifty (1948-1998) years [3]. Several interesting points were observed. The num
ber of publications related to neonatology gradually increased from 1948 and 
peaked in 1970-80's; the golden era of neonatal medicine. The growth in the 
body of knowledge of neonatal pulmonary diseases showed the same trend. 
Table 1 shows time line of landmark papers that appeared in "Paediatrics" that 
contributed to the understanding of fetal/neonatal cardiopulmonary physiology, 
consequently leading to sound physiologically based treatments. The introduc
tion of each new treatment modality was associated with a significant decrease 
in mortality. There were several other landmark publications that changed the 
natural history of RDS, which appeared in other journals and they are shown in 
this same table. Not all the publications listed in the table refer to pulmonary 
physiology alone. The new knowledge in other related areas contributed to im
prove overall management and therefore enhanced survival of infants with RDS. 

Natural history of respiratory distress syndrome 

The natural history of RDS/HMD is also very interesting to be followed 
(Fig. I). In 1976 Farrel [4] estimated that over 10 000 infants died every year of 
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Fig. 1. Mortality from RDS 1968-70. (Modified from [4]) 

1.0 

0.9 ~~_"'---______ _ 

Proportion 0.8 \. 
Surviving 

0.7 
-'"'---------

Treatment Group 

0.6 - EXOSURF National 
- - Air Placebo 

0.5 0 50 100 150 200 250 300 350 400 450 
Study Day 

Fig. 2. Survival of infants treated with Exosurf or placebo through one year 
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HMD in USA. Further majority died within the first 3 days oflife.1t should al
so be noted that most survivors were <2 500 g in birth weight. The Kaplan 
Meir survival curve from surfactant studies in 1990s shows a dramatic im
provement in survival rates (Fig. 1) [5]. Almost 90% survive the disease if treat-
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ed with surfactant, including infants of 700-1 100 g at birth. These data indicate 
a dramatic improvement when compared to those of the previous two decades. 
Further those who succumb die much later than 3 days of age. Only extremely 
immature infants die in <3 days of age. The change in the natural history of the 
disease is the reflection of the advances made in neonatal care over the last 
three decades. 

Lung maturation 

Since RDS is a manifestation of lung immaturity, it is critical to understand the 
process of lung development and lung maturation. The lung starts as a ventral 
outgrowth of primitive gut as early as 25 day old embryo. It begins to divide in
to two major bronchi as early as 12 weeks. By 22-24 weeks of gestation the tubu
lar bronchi are divided down to small respiratory bronchioles with terminal 
alveoli. At this point the alveoli are simple hemispheres where gas exchange can 
take place. Further growth of lung into mesenchyme continues, with formation 
of multiple alveoli by 35 weeks of gestation and continues well after birth. 

The basic alveolar morphology consists of alveolar lining of two types of cells: 
type I and type II cells. It is in type II cells that surfactant is produced stored and 
transported within the cells. The number of lamellar bodies in these cells in
creases with gestation. By term, lamellar bodies contain mature surfactant. Al
though, lamellar bodies are released into alveoli even in early gestation, the on
set of breathing at birth causes a surge of release of lamellar bodies into the 
alveoli. The surfactant from the lamellar bodies is absorbed into the thin air liq
uid interface. 

The presence of surfactant in the alveolar lining stabilizes the alveoli during 
expiration, since it lowers the surface tension at lower lung volume. This is fun
damental to the evolution of infants ability to establish normal functional resid
ual capacity (FRC) after the first breath, and normal ventilatory pattern after 
birth [6]. Since surfactant deficiency is a mark of immature lung, the prema
turely born infant has difficulty in establishing a "physiologically normal first 
breath" thus a normal FRC; this leads to various degrees of atelectasis which 
clinically manifests as RDS/HMD. 

Surfactant recovered from lungs contains 70% to 80% phospholipid, lO% 
protein and lO% neutral lipids [7]. Phosphatydyl choline is the predominant 
component of phospholipid (80%). Much of the protein in alveolar lavage is not 
specific to surfactant. However, four surfactant specific proteins have been iden
tified [8]. 

Surfactant protein A: (SP-A). A water soluble protein coded on human chro
mosome 6 with 24 kDa. It is thought to be a regulator of the surfactant metabo
lism. A number of potential defense properties of SP-A are being recognized. It 
can suppress or activate macrophage function, facilitate phagocytosis, and bind 
to pathogens such as Staphylococcus aureus. SP-A protein deficient patients have 
not yet been identified. 
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Surfactant protein B: (SP-B). The gene is located on human chromosome 2. 
Translation product is 40 kDa. It is essential to surface tension lowering proper
ty. Infants with genetic deficiency have lethal RDS after term birth. Animals with 
antibodies to SP-B develop RDS. It seems to be most important surfactant pro
tein. 

Surfactant protein C: (SP-C). Its gene is on chromosome 8. It is a 22 kDa pro
tein. Absence of SP-C in experimental model results in disrupted lung develop
ment. It helps adsorption of surfactant, no SP-C deficient lung disease has been 
identified. 

Surfactant protein D: (SP-D). A 43 kDa protein similar to SP-A, it is thought 
to function as a host defense molecule, by binding pathogene and facilitating 
clearance. 

Pathophysiology of respiratory distress syndrome 

A normal term infant initiates lung inflation with generation of 40-60 cmH20 
pleural negative pressure and expands lungs to a volume of 40 mllkg [6]. Dur
ing expiration the lungs deflate only partially, establishing a FRC of 20-30 
mllkg, with the help of alveolar lining of surfactant. The final normal respira
tory pattern consists of a tidal volume of 5-6 mllkg with a transpulmonary 
pressure of 6 em H20. A premature baby will also initiate breathing with a weak 
cry because of poorly compliant, surfactant-deficient lungs and a highly com
pliant chest wall. The initial lung expansion will lead to a considerably lower 
volume than that in a full-term lung. Furthermore, the high alveolar surface 
tension causes collapse of the alveoli on expiration. As such, the functional 
residual capacity falls to near-zero at the end of each breath. The clinical pre
sentation of an infant with HMD demonstrates the attempted - but inadequate 
- compensation for these problems. Respiratory distress begins soon after birth 
and is manifested by sternal retractions (compliant chest, noncompliant lungs), 
expiratory grunting, and flaring of the nasal alae (an attempt to maintain the 
functional residual capacity). With nearly every breath there is progressive pul
monaryatelectasis (the pathologic hallmark of HMD), with continued worsen
ing of lung compliance. 

A low, uneven ventilation-perfusion ratio compounded with physical fatigue 
leads to hypoventilation. Hypoxia and hypercapnia will lead to the development 
of acidosis. 

Postnatal diagnosis 

The clinical features of RDS are well recognized. They consist of tachypnea, re
tractions, cyanosis, grunting, and poor aeration oflungs [9]. Following are the 
major clinical features and their physiologic basis, which is important to under
stand (Table 2). 
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Table 2. Clinical respiratory distress scoring system. (From [9]) 

Clinical sign Score 

0 2 

Respiratory rate 60 60-80 >80 or apneic episode 
(per minute) 

Cyanosis None In air In 40% 0 2 

Retractions None Mild Moderate to severe 
Grunting None Audible with Audible without 

stethoscope stethoscope 
Air entry* Clear Delayed or Barely audible 
(crying) decreased 

* Air entry represents the quality of inspiratory breath sounds as heard in the midaxillary line 

Tachypnea and apnea 

Tachypnea is the most frequent and easily recognized sign in infants; the normal 
rate in infants is 40 breaths per minute. Respiratory rates beyond 6O/min are 
consistent with increasinghy compromised condition of the infant. Although 
infants with HMD initially have high respiratory rates, they eventually may show 
apnea denoting either accumulation of excess CO2 or muscular exhaustion or 
terminal CNS hemorrhage. 

Retractions 

Chest wall retractions are associated with pulmonary or upper airway changes. 
Under normal conditions, the expansion of chest wall requires no energy beyond 
the normal tidal volume. However, an increased effort is made to expand the non
compliant lung via decreasing the pleural pressure. The thoracic cage is drawn in 
because of the very compliant nature of the neonatal rib cage. Thus, retractions in
dicate an increase in the efforts of the neonate to improve lung expansion. The de
gree of retraction correlates well with the degree of severity of the disease. Howev
er, retractions are also noted in conditions other than RDS. As previously men
tioned, increased retractions lead to increased O2 consumption, and hence, to 
muscular exhaustion. These contribute to the accumulation oflactic acid. In per
sistent hypoxemia, anaerobic metabolic pathways continue and add to metabolic 
acidosis. 

Prenatal diagnosis 

Prenatal diagnosis of infants at risk of developing RDS is based on the analy
sis of the amniotic fluid for the presence of pulmonary surfactant, namely, 
lecithin and sphingomyelin [10 J. The relationship of the presence of these sub-
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stances to the occurrence of RDS is best expressed by the LIS ratio at different 
gestational ages. Prior to 34 weeks gestation, the ratio is 1, which begins to in
crease thereafter. Various studies indicate that LIS ratios greater than 2.0 are 
associated with little risk of RDS, unless the mother has diabetes. When the ra
tio was 1.5 to 2.0, a 40% risk of RDS was seen. When the ratio was less than 
1.5, 73% of infants developed RDS. On the other hand, when the LIS ratio was 
more than 2.5, the incidence of RDS was less than 1 %. However, the relation
ship of LIS ratio to the development of RDS may be altered in the presence of 
maternal diabetes or erythroblastosis. Identification of phosphatidylglycerol 
(PG) in addition to LIS ratio has been recommended, since PG is only pro
duced in fetal lungs. Amniotic fluid, LIS ratio assessment, and identification of 
PG are an essential part of the workup in the assessment of fetal maturity. 
This is indicated in pregnancies of uncertain dates, fetal growth assessment, 
and elective cesarean sections. 

Grunting 

Grunting is common in infants with RDS. It is produced by the passage of ex
haled gases through narrowing vocal cords. The phenomenon has a significant 
physiologic implication. Through close approximation of vocal cords during ex
piration intra-alveolar pressure is generated, which in effect distends the col
lapsing alveoli. Since the hallmark of RDS is collapse of alveoli during expira
tion, this natural mechanism will improve distribution of ventilation. When 
grunting is eliminated by intubation, the arterial P02 drops immediately [11]. 
Similarly, when artificially adding end-expiratory pressure, the arterial P02 im
proves, hence, the importance of the presence of grunt in HMD. 

Breath sounds 

Auscultation in the neonate must be a part of routine examination. Breath 
sounds are described as decreased, poor or absent. However, because of the 
small thoracic cavity, such observations are, at best, only estimates. One has to 
be careful in assessing small differences that exist between the two sides of the 
chest and also the presence of breath sounds that might exist despite atelectasis 
or pneumothorax. When there is a discrepancy between clinical findings and 
physiologic states, one must attempt to further establish the underlying prob
lem by X-ray. 

Cyanosis 

Oxygen desaturation in RDS is the end result of the basic lung pathophysiology. 
In neonates clinical cyanosis is commonly associated with arterial P02 levels less 
than 40 mmHg. Current technologies, which provide accurate and continuous 
methods of quantifying oxygenation of blood, include transcutaneous P02 mea
surements, intra-arterial P02 electrodes, and intra-arterial oximeters. 
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Radiologic diagnosis 

Radiologic examination is the most important diagnostic procedure in infants 
with respiratory distress. The distinctive features of RDS have been well de
scribed in the literature. The common and earlier features consist of the so
called reticulogranular pattern. In a moderate-to-severe disease the chest X-ray 
shows air bronchogram extending beyond the cardiac shadow. In a severe form 
of the disease the X-ray of the chest is totally white, so that one cannot distin
guish the cardiac silhouette from the overlying opaque lung. The prognosis of 
the disease correlates well with the severity of the changes seen in X-ray. One of 
the major differential diagnoses is group B streptococcal pneumonia. Other as
sociated findings along with the typical findings already described are pneu
mothorax and pneumomediastinum, and pulmonary interstitial emphysema. 

A normal chest film in the early course of the disease does not exclude RDS. 
Hence, in the presence of persisting respiratory distress, chest X-ray should be 
repeated. X-ray should be obtained at the bedside, using a portable machine be
cause infants are too sick to be removed from the unit or from the bed. Proce
dures should be done with minimum disturbance to the infant. If the infant is in 
an oxygen hood or on the respirator, utmost care should be taken not to disrupt 
the therapy. 

Laboratory findings 

Acute hypoxia and hypovolemia are two clinical problems associated with RDS. 
Changes in these two physiologic variables can only be assessed by measuring 
arterial blood gases and blood pressure by intra -arterial line catheters [12]. Pa
tency of umbilical artery in the immediate neonatal period provides an easy ac
cess to indwelling catheters. Catheters have been placed at other arterial sites as 
well (i.e., radial, temporal, and posterior tibia). Repeated blood sampling for 
blood gas tension and pH measurements can be made through these arterial 
lines or intermittent arterial punctures. 

Capillary blood sampling from warmed heel in the neonate has been used for 
blood gas and pH monitoring in infants with RDS. However, there are limita
tions in interpretation. Capillary POz correlates well within a range of 40 to 60 
mmHg of POz only. 

More recently, noninvasive methods of monitoring blood gases have become 
routine [13]. The limitations of noninvasive blood gas monitoring are well un
derstood. More important, the physiologic significance of transcutaneous POz 
values in relation to PaOz values should be interpreted appropriately. Experience 
with transcutaneous monitoring in the neonate shows that both PtcOz and Ptc
COz depend on blood PaOz, PaCOz, and blood flow. When flow is adequate, 
PtcOz follows PaOz when flow is compromised but PaOz is adequate, PtcOz 
tracks flow. When both saturation and flow are compromised, PtcOz and PaOz 
are low. PtcOz monitoring will obviate repeated arterial sampling. During the 
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last 15 years, the use of O2 saturation monitoring has become routine in all 
neonatal intensive care units [14]. 

Hypoxemia and acidosis with increasing respiratory distress are the primary 
findings in infants with RDS. Continuation of metabolic acidosis and superim
posed respiratory acidosis due to hypoventilation are also evident. Initial Pa02 
may vary from 50 to 60 mmHg even while breathing high O2 concentrations. In 
some infants even 100% O2 does not increase Pa02 beyond 100 mmHg, sug
gesting a major R --7 L shunt at both pulmonary and patent ductus arteriosus 
(PDA) level. Alveolar to arterial O2 (AaD02) gradients will increase. Hypoventi
lation reflected by high PaC02 indicates muscular exhaustion. Metabolic acido
sis is due to anaerobic metabolism and lactic acidosis. Hypoglycemia (blood 
glucose <40 mg/dl) may ensue unless intravenous glucose supplementation is 
started. Serum electrolytes show varying degrees of hyperkalemia (normal lev
els: K+ 3.5 mEqll), suggesting ongoing tissue catabolism. Other electrolytes remain 
within the normal levels unless the clinical course is complicated by dehydration 
(caused by excessive insensible water loss or overhydration caused by excess fluids 
or decreased renal functions. 

Since premature infants also have low hemoglobin levels, blood workup 
should include a complete blood cell count (CBC), including reticulocyte count. 
When hematocrit is <40% or hemoglobin <13 g/dl, the infant needs a blood 
transfusion. Since premature infants do not have the ability to handle bilirubin, 
hyperbilirubinemia is not uncommon. Serum bilirubin levels should be mea
sured on a daily basis, and treated with phototherapy. Very rarely infants would 
require exchange transfusion. 

Intracranial hemorrhage is known to occur frequently. Although the inci
dence and degree of intraventricular hemorrhage (IVH) is steadily decreasing. A 
baseline assessment of the head using a bedside ultrasound should be made ear
ly in the course of the disease. The ultrasound should be repeated to document 
the presence, absence, or degree of progress of the hemorrhage because, if pre
sent, this information will be useful for assessing the prognosis. 

Principles of management 

The birth of infants at risk of developing RDS can be anticipated by evaluation 
of amniotic fluid LIS ratio [10]. A paediatrician or a neonatologist should be in 
attendance at premature births and high-risk deliveries to provide proper care. 

Prenatal management 

Since the basis of RDS is the birth of premature infant, the goal should be either 
to prevent premature birth, (i.e. to delay labor) or to a.ccelerate lung maturation 
to minimize the risk of developing RDS. It could be unequivocally said that the 
major advance made in perinatal medicine is the management of fetal surveil-
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lance, fetal steroid treatment and management of preterm labor, using tocolytic 
agents. 

The pathogenesis of preterm labor is not well understood. It is multifactorial 
in origin. Among the many causes chorioamnionitis has gained considerable 
importance as a cause of preterm labor. The bacteria in lower genital tract gain 
access in amnion and amniotic fluid leading to inflammatory reaction and re
lease of prostaglandin PGE2 which initiates labor. Management of preterm labor 
consists in preventing the initiation of labor, and inhibiting the preterm labor 
[15]. Overall improvement in antenatal care of at risk mother, bed rest and sup
portive therapy and treatment of underlying causes may ameliorate initiation of 
preterm labor. Once the preterm labor sets in, tocolysis and management by ex
pert perinatal care are required. A variety of to co lytic agents, including ~-adren
ergic agonist ritodrine, prostaglandin synthetase inhibitor, oxytocin agonists and 
MgS04• Despite these agents and bed rest premature labor may progress. Thus 
the management of preterm labor includes treatment with glucocorticoid to en
hance lung maturation [16]. 

Maternal corticosteroid therapy 

The majority of published reports have demonstrated the effectiveness of ante
natal steroid therapy in reducing the incidence of RDS in prematurely born in
fants. A meta-analysis of randomized controlled placebo/steroid treatment 
showed a decrease of 50% in RDS with no adverse later outcome even at 12 
years of age [17]. Based on these findings, the National Institute of Health (NIH) 
consensus panel strongly recommend that: 
- all fetuses 24-34 week gestation at risk of premature delivery be considered 

for antenatal corticoid treatment; 
- the optimal benefit of treatment is 24 hours after initiation of therapy and 

lasts for 7 days; 
- the treatment consists of two 12-mg doses of beta met has one 1m given at 24-

h interval or 6 mg given at 12-h interval [18]. 
The overall benefits of antenatal corticosteroid are far more outreaching. It al

so reduces mortality and morbidity, such as necrotizing enterocolitis, periven
tricular hemorrhage and patent ductus arteriosus. In addition, it shortens hos
pital stay leading to a decrease in cost. It is estimated to save $200 000 to 500 000 
per 100 infants treated, with an annual saving of 61 million dollars according to 
cost analysis in USA [19]. Risks of antenatal corticosteroid treatment include 
potential increase in infections and loss of diabetic control moreover, multiple 
therapies prior to delivery may have adverse effect on fetal brain growth. An at
tempt to use corticosteroid in combination with thyroid releasing hormone to 
enhance lung maturation has not proved to be beneficial. Overall antenatal cor
ticosteroid treatment has been steady from a low 18% in 1990 to 66% in 1996 
(Table 3) in infants who were born with birth weight of <1 500 g. Overall use 
may be higher if all preterm deliveries are considered. 
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Table 3. Fetal exposure to antenatal steroids in less than 1500 g infants during 1990-1996 
(From Vermont Oxford Data, Burlington, USA) 

% 1990 1991 1992 1993 1994 1995 1996 

None 81 76 73 67 53 41 34 
Partial 6 7 8 9 15 19 21 
Complete 12 17 19 24 32 40 45 

Use of surfactant therapy 

Since 1959, when Avery and Meade first reported that surfactant deficiency is the 
underlying cause of RDS [20] extensive investigations have been made to study 
the surfactant synthesis, its isolation and possible replacement treatments. Fuji
wara [21] successfully demonstrated the effectiveness of exogenous surfactant in 
treating infants with severe RDS. Since then, multiple controlled trials have con
firmed its effectiveness in reducing the severity of RDS, mortality and complica
tions from RDS [22, 23]. The details on surfactant therapy are given elsewhere in 
this symposium. 

There is a proven benefit of combined use of prenatal steroid and postnatal 
surfactant therapy [24]. The effects are additive. Antenatal steroids induce struc
tural maturation oflung along with enhancement of surfactant synthesis. A con
trolled trial of prior steroid or placebo in infants later treated with surfactant 
showed that antenatal steroids reduced pulmonary morbidity and periventricu
lar leukomalacia. Postnatal surfactant therapy clearly made a difference in the 
natural history of RDS [5]. 

Respiratory distress syndrome: bronchopulmonary 
dysplasia-chronic lung disease 

Bronchopulmonary dysplasia (BPD), or chronic lung disease (CLD), is the most 
vexing residual problem of RDS. Twenty per cent to 40% of infants with RDS go 
on to develop BPD/CLD [25]. The improved survival in extremely premature 
infants increases the number of infants developing BPD/CLD. The effects of 
BPD are both of medical (i.e., recurrent infections, cardiopulmonary compro
mise) and economic concern because of the cost of caring prolonged O2 or ven
tilator-dependent infants. 

The focus of research on BPD has been a part of overall investigation on RDS. 
Since Northway's [26] first description of BPD, the clinicians' view point con
sisted of 4 major underlying factors: immaturity, O2 toxicity, barotrauma and 
time [27]. Extensive studies imply that O2 induced inflammatory reaction is the 
triggering factor in the pathogenesis of BPD. This model offers opportunity to 
explore the biochemical basis of pulmonary injury following O2 exposure. Series 
of events lead to the ultimate lung injury [28]. 
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In the preterm infant lungs show greater alveolar capillary membrane perme
ability leading to protein leakage. The proteins in the pulmonary oedema fluids 
inactivate surfactants, exaggerating the primary surfactant deficiency. 

Neonatal lungs exposed to O2 injury also show influx of neutrophils, which 
contain variety of toxic elements affecting phagocytosis. Along with these activ
ities many oxyradicals, proteases and platelet activity factors are released which 
damage the lung tissue. In addition, premature infants are subject to a variety of 
ischemia-reperfusion events. These events are associated with bursts of superox
ide anion production by xanthine oxidase. Premature infants are also deficient 
in antioxidants (i.e., low levels of superoxide dismutase (SOD) enzyme levels). 
All these deficiencies lead to cascade of events causing lung damage. 

Therapeutic approaches 

Several attempts have been made to reduce oxygen toxicity by administering an
tioxidants Vitamin E [29], Vitamin A [30,31], and SOD [32,33]. Steroids have 
also been used to suppress inflammation [34-36]. Steroid postnatal treatment of 
2-4 week-old infants with BPD have shown ability to wean off O2 and to allow 
early extubation. Now steroids are routinely used to wean BPD infants. Steroid 
treatment has been shown to decrease markers oflung inflammation, neutrophil 
count, elastase/L, protease inhibitor ratio, free elastase activity, albumin and fib
rinectin concentration [37]. Levels of urinary hydroxyproline also decreased 
with steroid treatment thus implicating decreased collagen synthesis [38]. 

In a recent randomized study some investigators used steroids within 12 h of 
birth on infants with severe RDS [39]. They found that steroid treated infants 
with chronic lung disease had lower concentration of LTB4, 6-ketoPGF, a-I pro
tein and cell count in the tracheal aspirate than control patients, all suggesting 
anti-inflammatory action of steroids. The steroid treated infants had transient 
higher BP and blood glucose levels and cardiac septal hypertrophy. There was no 
increase in mortality, IVH, ROP or NEC neither in steroid nor in control groups. 
However, caution is indicated in advancing the early treatment with steroids. 

Vitamin E [29) 

Premature infants are deficient in a-tocopherol levels. This deficiency causes 
lipid peroxidation of the cell membrane. Unfortunately, treatment with Vitamin 
E has not proven to be beneficial in reducing BPD. 

Vitamin A [30, 31] 

Retinol (Vitamin A) promotes differentiation of various epithelial cell popula
tions. Preterm infants have low levels of Vitamin A. There is a correlation be
tween Vitamin A deficiency and the development of BPD. One controlled inter
ventional study with supplementation of Vitamin A showed a decreased inci-
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dence of BPD; however, subsequent studies failed to confirm previous findings. 
There is a need for further well controlled studies. 

Superoxide dismutase treatment 

Number of studies show deficiency of SOD in premature lungs [32, 33]. It may 
be postulated that exogenous SOD helps reduce BPD. Since SOD has a very 
short half-life (4 min), SOD capsulated within liposomes or conjugated to poly
ethylene glycol has been tried. Subsequently SOD was delivered intratracheally. 
The later study results are yet to be published. Though being a logical antioxi
dant enzyme (with potential benefits) SOD has not yet found to be ready for 
clinical use to prevent oxygen induced by injury. 

In summary, the bronchoalveolar inflammatory response leads to release of 
many enzymes that are injurious to lung. Understanding these mechanisms al
lows clinicians to develop newer approaches to prevent, ameliorate and treat 
BPD. Prenatal steroids, postnatal surfactant and steroid treatment at the mo
ment seem to be most effective in preventing BPD. 

Advances in ventilatory management 

Initiation of mechanical assisted ventilation in infants with RDS in the late 1950's 
and early 1960's was a major step forward [20]. However, the limiting factor was 
the lack of appropriate technology for neonatal use. In mid 60's the survival of 
ventilated infants was only 30%-35%. Introduction of constant positive airway 
pressure (CPAP) independent of assisted mechanical ventilation or in conjunc
tion with it (PEEP) in 1970 made a dramatic improvement in survival [40]. 

Early use of CPAP in RDS has reduced need for subsequent mechanical ven
tilation. A single dose of surfactant in infants with moderate RDS followed by 
CPAP has shown to improve gas exchange. There are many techniques of deliv
ering CPAP. 

Conventional mechanical ventilation 

During the last four decades conventional mechanical ventilation (CMV) in the 
neonate has improved to a great deal. Besides building ventilators to meet the 
physiologic limits of the extremely small infants, various new modes of ventila
tion are also being introduced. Recently patient-triggered ventilation has been 
utilized to trigger the ventilator by the infant's inspiratory effort. This technique 
allows improved Vt, and blood gases [41,42]. 

Synchronized IMV allows the infant to trigger the ventilator only on a frac
tion of respiratory effort. In clinical trials these techniques reduced duration of 
assisted ventilation and facilitated weaning [43]. Proportional assisted ventila
tion is a technique which amplifies the flows generated by the patient in propor
tion to his respiratory effort with the purpose of normalizing ventilation. 
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Advantages include: patient comfort, less peak airway pressure, less need for 
sedation. Obviously, presence of patient effort is critical to initiating the inspira
tion. This new technique is still under study. Several clinical trials have com
pared different ventilators. The results show no definitive superiority of one ven
tilator over the other, or one ventilatory mode over the other. Clinicians must get 
acquainted with the ventilator they intend to use, and also understand all the 
technicalities involved. 

Negative pressure ventilation 

Negative pressure ventilation was used for neonates with respiratory failure dur
ing 1960's-1980's [44-46). It has been used as both intermittent and constant 
negative pressure ventilator. An advantage of this ventilation is that it does not 
require intubation. A disadvantage is its limitation of use for extremely small in
fants. Because of this, negative pressure ventilation has not been used routinely. 
In recent years a few investigators are beginning to recognize certain advantages 
of negative pressure ventilation, but overall it has limited use. 

High-frequency ventilation 

It is the mode of ventilation that employs respiratory frequencies of 150-600 
breaths per min. These ventilators, jet as well as oscillatory, have been used in 
number of clinical trials [47-49). 

Controlled trials of jet ventilation in RDS infants demonstrated adequately 
improved gas exchange, lower PIP and mean airway pressure lower than con
ventional ventilation. Early use have not resulted in reduction of mortality or 
morbidity. In infants with interstitial emphysema it helps to resolve the air leak. 
Other advantages include: less cardiovascular compromise, help in bronchopul
monary fistula, and in persistant pulmonary hypertension of newborn (PPHN). 
Problems are associated with appropriate humidification. 

High-frequency oscillatory ventilation is different since the expiration is ac
tively generated. It generates extremely small volumes at high rates of 600-900 
breaths per min. 

Controlled studies showed that incidence of BPD or mortqlity was not im
proved, but was associated with grade III & IV IVH. Recent studies using higher 
mean airway pressure are showing improved results. Overall meta-analysis of 
various studies of high-frequency ventilation (HFV) have not shown any super
annuity over CMV in reducing mortality or morbidity. 

Other methods of ventilation: liquid ventilation 

This technique uses inert per fluorocarbon liquid which has high solubility for 
oxygen. Lung is filled with liquid and ventilated using conventional mechanical 
ventilation. Another technique is to only to instill the lung equivalent to FRC 
[50). Extensive animal studies have shown the effectiveness ofliquid ventilation 
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in oxygenation. Clinical experience in a few small infants has shown dramatic 
advantages [51]. However, clinical trials to study advantages of liquid ventilation 
over CMV still have to be made. Liquid ventilation can also be used to deliver 
drugs into alveoli; it may be used in conjunction with HFV and surfactant ther
apy. We need to wait for more information regarding the benefits ofliquid ven
tilation. 

Although extrocorporal membrane oxygenation (ECMO) [52] and nitric ox
ide [53] have been used extensively in the management of difficult to ventilate 
term infants. Infants with RDS rarely need these alternate approaches. 

Complications of respiratory distress syndrome 

The natural history of RDS has changed considerably over the last thirty 
years. Before 1960's most infants either survived ~ithin the first three days or 
succumbed to death, the severe ones dying before any complications oc
curred. With the advent of oxygen therapy, assisted ventilation, correction of 
biochemical abnormalities, and introduction of vascular invasive techniques, 
the natural history has been punctuated with numerous complications while 
still in the hospital. These can be classified as acute complications and late 
complications. The major acute complications consist of pulmonary baro
trauma, intraventricular hemorrhage, and patent ductus arteriosus (PDA). 
The late complications consist of bronchopulmonary dysplasia and retinopa
thy of prematurity (ROP). Complications that are noticed after discharge 
and during follow-up consist of neuro-developmental delays and difficulties 
in schooling. Vast experience over the years shows that most acute complica
tions have been minimized through more skilled medical and nursing per
sonnel and improved technology. The complications of pulmonary baro
trauma have been significantly reduced since the introduction of surfactant 
replacement therapy. The incidence of pneumothorax and pulmonary inter
stitial emphysema (PIE), which was in the range of 25%-30% in the 60's, has 
been reduced to less than 5%. The incidence of BPD has been somewhat slow 
to be reduced. The incidence of PDA has not been affected by surfactant 
therapy, neither was IVH. There is some increase in the incidence of pul
monary hemorrhage following surfactant therapy. Besides decreasing the in
cidence of RDS, antenatal steroid therapy has also reduced the severity of the 
disease and its associated complications. 

In general, the neuro-developmental and scholastic achievements of these in
fants are more related to birth weight and gestational age than to RDS itself. One 
can foresee that the birth weight of survivors will continue decreasing reaching 
lower than 500 g. Such immature infants will continue to pose challens to 
neonatologists in the next decade. This presentation covers various aspects of 
the complications from RDS. Although good prenatal care, antenatal steroid 
therapy followed by surfactant therapy, supportive intensive care, and ventilato
ry care would decrease mortality and morbidity from RDS, its economic and so
cial burden will remain a main concern. 
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Life after surfactant 

Surfactant treatment has changed the life in numerous ways. There is a definitive 
decrease in mortality in each of 100 g birth weight groups starting from 600 g 
upwards, following the routine use of surfactant (Tables 4 and 5). Schwartz et al. 
[54] have shown decreased utilization of resources. Cost analysis also shows de
creased overall cost per survivor. This was particularly evident in infants with 
birth weight> 1250 g. This group of infants recover faster, are extubated earlier, 
thus requiring shorter hospital stay. Utilization of hospital resources (i.e., labo
ratory tests, X-rays, etc.) are also decreased, leading to savings of dollars. 

Paradoxically but expectedly, the saving of lifes (improved survival) in ex
tremely low birth weight infants, adds cost because of extended hospital stay. 
Prolonged hospital stay in this group of infants is primarily due to immaturity 
(i.e., limitations in meeting nutritional needs, and associated complications of 
parenteral nutrition). Low gestation also makes the infant susceptible to multi
ple infections. 

BPD/CLD, the sequelae of RDS, although minimized continue to be major 
factors for prolonged hospital stays. Various home health care programs have 
been developed to facilitate discharge of infants who are ventilator and/or O2 de
pendant. These newly emerging diseases require that community physicians and 
health care workers become acquainted with the special needs of these infants. 

All controlled and randomized studies have clearly shown that complications 
of RDS, particularly air leaks, have significantly decreased from 20% prior to 
surfactant to 10% or less post surfactant era. However, the incidence of BPD and 
CLD has not decreased significantly. The incidence of IVH has also decreased 
during the last decade. The incidence of grade III/IV IVH being as low as 5% in 
infants <1500 g birth weight. 

Long term outcome has shown no difference in infants treated with or with-

Table 4. Incidence of RDS and surfactant treatment and mortality by weight. (From Vermont 
Oxford Data, Burlington, USA) 

5011 6011 7011 8011 9011 lO01l 11011 12011 
600 700 800 900 lOOO 1100 1200 1300 1400 1500 

RDS % 90 90 86 84 78 69 62 52 48 42 
S urfactan t % 82 84 80 75 70 68 52 41 36 30 
Overall survival % 38 64 80 85 91 94 95 96 97 97 

Table 5. Incidence of RDS and surfactant treatment and mortality by gestational age. (From 
Vermont Oxford Data, Burlington, USA) 

GA weeks <23 
Survival % 4 

GA, gestational age 

23 
18 

24 
56 

25 
74 

26 
84 

27 
90 

28 
92 

29 
94 

30 
96 

31 
96 

32 
96 
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out surfactant. Outcome variables were more related to lower birth weight, low
er gestational age and existence of neurologic problems (i.e., intraventricular 
hemorrhage). Children who were followed for 10-12 years after steroid exposure 
showed advantage of prenatal steroids in lowering neurologic abnormalities and 
no difference in psychomotor scores [57]. 

Conclusions 

Since the early description of HMD in German literature in 1903 [55] numerous 
landmark laboratory investigations and clinical observations were followed by 
new and improved therapeutic interventions which altered the course of 
RDS/HMD. This century has seen the "rise and fall" of respiratory distress syn
drome. There was maximum scientific activity in this field during the decades of 
1970's and 1980's. This evolution was important not only from the perspective of 
RDS/HMD but also for the development of the new field of neonatal medicine. 

Comroe [56] termed the early years of neonatal pulmonary investigation as 
"premature science and immature lungs". Today we continue to deal with "ma
ture science and very immature lungs!". The closure of the chapter on RDS will 
depend on prevention (improving social problems) on one hand and on genet
ic engineering (molecular bases of diagnosis and treatment) on the other hand. 
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Chapter 23 

High frequency ventilation 

J.H.ARNOLD 

Acute respiratory failure remains a major cause of morbidity and mortality in 
both paediatric and adult populations. The reported annual incidence in the 
United States may be as high as 150000 cases, with published mortality rates 
generally ranging between 50% and 70% [1]. Although there is some indication 
that there have been improvements in outcome recently [2], the underlying 
pathophysiology responsible for the clinical syndrome is not precisely targeted 
by continuing modifications of conventional therapy. Although progress has re
cently been made, particularly regarding the role of the cytokines and adhesion 
molecules as essential components of the inflammatory cascade in acute lung 
injury [3], the use of nonconventional modes of supporting gas exchange is be
coming increasingly popular in many centers [4]. One of the most promising 
alternative modes, high frequency ventilation, has been examined in a number 
of animal models of lung injury as well as in several human populations. 

History 

The effects of rapid ventilatory rates on gas exchange were first described in 
1915 by Henderson and Chillingworth and Jack Emerson was the first to patent 
a high frequency device for clinical use in 1952 [5]. The theoretic advantages of 
high frequency ventilation include: a) smaller phasic volume and pressure 
change; b) gas exchange at significantly lower airway pressures; c) less depression 
of endogenous surfactant production. The mechanisms of gas exchange in
volved during high frequency ventilation have been reviewed in detail elsewhere 
[5]. To summarize, the mechanisms of gas exchange that are most important 
during high frequency ventilation are bulk axial flow, interregional gas mixing, 
and molecular diffusion. Previous work on an animal model has shown con
vincingly that the phenomenon of interregional gas mixing ("pendelluft") is 
greatly enhanced during high frequency oscillatory ventilation in particular [6]. 

Animal data 

There is an emerging recognition that mechanical ventilation-induced lung in
jury is related to cyclic volume change. In a classic study, Webb and Tierney 
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showed that ventilating normal rats with peak inspiratory pressures of 45 
cmHzO produced significant perivascular edema and an increase in lung weight 
[7]. In addition, these investigators showed that an end expiratory pressure of 10 
cmHzO was protective, suggesting that the absolute level of inspiratory pressure 
is not as important as the volume change exerienced by the lung during the du
ty cycle. It has also been shown in a normal animal that binding of the chest and 
abdomen, with restriction of chest wall movement, prevented lung injury during 
ventilation with peak inspiratory pressures of 45 cmHzO [8]. This study provid
ed important evidence that microvascular permeability is related not to pressure 
but to volume change. Dreyfuss et al. have provided similar data in rats, demon
strating that volume is a much more significant contributor to lung injury and 
than is absolute pressure level, and that PEEP may well be protective in an ani
mal model of mechanical ventilator-induced lung injury [9]. 

Mathieu-Costello and West have shown that large cyclic volume changes dur
ing conventional ventilation are associated with a significant increase in the dis
ruption of the alveolar capillary, and have elegantly documented breaks in the 
capillary, endothelium that are produced by large tidal volumes [10]. Their re
search convincingly demonstrates that pulmonary edema is an important com
ponent of mechanical ventilator-induced lung injury. Fluid and protein in the 
alveolar space are well-known inhibitors of surfactant function and thereby act 
synergistically to decrease lung compliance and further the cycle of repetitive 
cyclic overdistention and further lung injury. 

In a series of experiments in a saline-Iavaged rabbit model, Froese et al. [Il
lS], have demonstrated that lung volume maintenance with minimization of 
alveolar pressure and volume change using a piston oscillator device is associat
ed with the least degree of mechanical ventilator-induced lung injury. McCul
loch et al. [12] demonstrated that high frequency oscillatory ventilation (HFOV) 
using an optimal lung volume strategy designed to reverse atelectasis resulted in 
significant improvements in oxygenation and minimized histopathologic evi
dence of lung injury when compared with a conventionally ventilated group or 
when compared to animals treated with HFOV and a low lung volume strategy. 
More recently, Sugiura et al. [15] have shown in the saline-Iavaged rabbit that 
HFOV results in significantly less activation of pulmonary neutrophils, as evi
denced by both chemiluminescence and chemotaxis. These findings have been 
confirmed by a separate group of investigators using luminol-dependent chemi
luminescence [16]. Furthermore, it has also been convincingly demonstrated 
that high frequency oscillatory ventilation prevents the release of thromboxane 
Bz and PAF, which are important chemical mediators of inflammatory lung in
jury [17]. 

There is compelling animal evidence that HFOV may be most effective when 
used early in the course of respiratory failure in both premature baboons [18, 
19] and adult surfactant-depleted rabbits [12]. Furthermore, despite the con
ceptual appeal of providing gas exchange at reduced airway pressures, there is 
abundant evidence that an optimal lung volume during HFOV is best achieved 
utilizing an aggressive volume recruitment strategy with relatively high mean 
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airway pressures [11, 20]. It should also be noted that despite the use of high 
proximal airway pressures there is an important difference between measure
ments made at the proximal airway, the trachea and the alveolus. There is a clin
ically important gradient in both peak and mean airway pressures from ventila
tor to alveolus [21] which results in limited volume change in the alveolus, 
which may well be the most important variable in producing mechanical venti
lator-induced lung injury [22]. 

Clinical data 

The initial clinical experience with HFOV in premature infants with hyaline 
membrane disease raised significant concerns about adverse effects on cerebral 
haemodynamics and the ductus arteriosus as well as an increased incidence of 
air leak [23]. However, the methods used in that study have been criticized [24], 
and the conclusions reached by this multicenter collaborative effort regarding 
the utility of HFOV in this population should be viewed with some skepticism. 
Clark et aI., in a single-center study using a uniform ventilator strategy, have 
demonstrated that premature infants treated with HFOV have a significantly re
duced incidence of chronic lung disease [25]. A recent study in premature in
fants with severe hyaline membrane disease has shown a significant improve
ment in oxygenation and a reduced incidence of air leak syndromes in the in
fants managed with HFOV [26]. In a large multicenter, prospective examination 
of early intervention with HFOV using a lung recruitment strategy following 
surfactant administration, Gerstmann et ai. demonstrated improved short- and 
long-term outcomes as well as a significant reduction in total hospital costs at
tributable to early institution of HFOV [27]. Interestingly, a large, multicenter 
randomized study of high frequency jet ventilation (HFN) in preterm infants 
showed the best pulmonary and neurologic outcomes in the HFJV patients 
managed with an optimal lung volume approach rather than a low lung volume 
approach [28]. 

These data suggest that for preterm infants the volume recruitment approach 
is beneficial, independent of the high frequency device utilized. A well-conduct
ed meta-analysis of nine studies comparing HFV and conventional ventilation 
failed to demonstrate a significant increase in the incidence of intraventricular 
hemorrhage [29]. In most neonatal centers, current ventilatory options include 
some form of HFV as well as the recognition that aggressive volume recruitment 
using either incremental increases in mean airway pressure or intermittent, sus
tained inflation maneuvers are essential to success. 

There is limited published information available regarding the use of HFOV 
in paediatric patients. We have previously described our rescue experience in a 
small group of paediatric patients with weights ranging from 3 to 42 kg [30]. We 
utilized an aggressive approach to rapidly attain and maintain optimal lung vol
ume. This typically requires an increase in mean airway pressure of 5-8 cmH20 
when converting from conventional to HFOV. Interestingly, despite significant 
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increases in mean airway pressure, haemodynamic compromise as indicated by 
cardiac index or oxygen delivery does not appear to be an important problem 
when using this "ideal lung volume" strategy. We have recently completed a 
prospective, multicenter, randomized clinical study comparing HFOV and con
ventional mechanical ventilation in paediatric patients with either diffuse alveo
lar disease or air leak syndrome [31). These data demonstrate that HFOV offers 
rapid and sustained improvements in oxygenation without adverse effects on 
ventilation. The increase in mean airway pressure utilized during use of HFOV 
does not result in an increase in the incidence of barotrauma and the oxygena
tion index declines significantly during the first 72 h of HFOV. Despite the use of 
higher mean airway pressures, the optimal lung volume strategy used in this 
study was associated with a lower incidence of barotrauma, as indicated by the 
requirement for supplemental oxygen at 30 days and improved outcome com
pared with conventional mechanical ventilation. When ventilator subgroups 
were compared, the patients managed with high frequency oscillation-only had 
significantly better ranked outcomes than patients managed with conventional 
ventilation-only and the patients who crossed over from conventional to high 
frequency ventilation had significantly better ranked outcomes than patients 
crossed over from high frequency to conventional ventilation. 

Given the success of high frequency oscillation in improving outcome, time
sensitive predictors of survival in patients managed with high frequencyoscilla
tion would be quite helpful in developing a step-wise ventilatory approach to the 
patient with acute lung injury. Specifically, are there precise predictors of HFOV 
failure that would identify the population of patients who may benefit from al
ternative modes of respiratory support such as extracorporeal membrane oxy
genation [32) or liquid ventilation [33)? In our prospective, randomized clinical 
trial [31), the oxygenation index in survivors was significantly lower than in 
nonsurvivors during the first 72 h of therapy; furthermore, there was a signifi
cant association between time and a decreasing oxygenation index in survivors 
as well as time and a rising oxygenation index in the nonsurvivors. An oxygena
tion index of~42 at 24 h predicted mortality with an odds ratio of 20.8, a sensi
tivity of 62%, and a specificity of 93%. There is also evidence that early institu
tion of HFOV in the paediatric population is associated with a lower incidence 
of barotrauma in the patients who survive. In our prospective, randomized 
study, patients who were treated with HFOV within 72 h of intubation had a sig
nificantly lower incidence of chronic lung disease; specifically, the odds ratio for 
chronic lung disease in surivors was 25.2 in patients who received more than 72 h 
of conventional ventilation prior to institution of HFOV. 

The adult experience with high frequency techniques is difficult to interpret. 
The only prospective, randomized study thus far published examined the use of 
a high frequency jet ventilator in 309 adults with respiratory failure [34). This 
study included both immunocompetent as well as immunocompromised pa
tients and did not have a standardized measure of severity of illness for inclusion 
into the study. The patients managed with HFN achieved similar oxygenation 
and ventilation at lower airway pressures. However, duration of leu stay and 
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mortality were not significantly different between the two groups and the au
thors concluded that HFJV was equivalent, but not superior to, conventional 
volume-cycled ventilation. A subsequent, uncontrolled report of HFJV at high
er frequencies showed improved gas exchange at lower airway pressures follow
ing initiation of HFV [35]. However, effects on outcome cannot be evaluated in 
the absence of concurrent controls and the authors also reported a 15% inci
dence of mucous dessication, raising significant concerns about the adequacy of 
humidification in the device studied. A recent, uncontrolled study of high fre
quency oscillatory ventilation in 17 adults with severe acute respiratory distress 
syndrome (ARDS) (mean Pa02/Fi02 ratio at entry 66) showed a significant in
crease in the Pa02/Fi02 ratio over the first 48 h after initiation of HFOV [36]. 
The nonsurvivors in this cohort were treated with conventional ventilation for a 
longer period and had a higher pre-HFOV oxygenation index than the sur
vivors. Several centers are currently collaborating in a prospective, randomized 
study of HFOV vs CMV in adults with ARDS. 

Conclusions 

In summary, recognition that lung injury (and lung mechanical properties) in 
patients with ARDS is inhomogenously distributed and that repetitive cyclic 
overdistention of the compliant (predominantly nondependent) areas of lung 
produce lung injury can lead to significant improvements in supportive care in 
this patient population. In order to make sense of the complex interactions be
tween repetitive cyclic stretch of the acutely injured lung, transpulmonary pres
sure amplitude, and the tremendous shear stresses generated during alveolar re
expansion, it is useful to keep in mind three important variables: 
- the relationship between end expiratory pressure and the critical opening 

pressure of lung units (the so-called "lower inflection point"); 
- the magnitude of cyclic stretch forces applied during tidal conventional ven

tilation; 
- the relationship between end inspiratory lung volume and the upper "deflec

tion point" of the pressure-volume curve. 
Recently, a prospective, randomized study of adults with ARDS demonstrat

ed that minimizing cyclic parenchymal stretch with titration of PEEP according 
to the lower inflection point produces better oxygenation, lung compliance, and 
a higher weaning rate [37]. These investigators have also recently reported that 
this approach produces significant improvements in survival [38]. 

In practical terms, it will in most settings be simpler to avoid the lower and 
upper inflection points as well as minimize cyclic stretch injury by using HFV. 
Our data suggest that early institution of HFOV in paediatric patients with acute 
lung injury is associated with a lower incidence of chronic lung disease. Fur
thermore, ranked outcome analysis of these data demonstrates improved out
comes in patients who are managed with HFOV either primarily or following a 
failure of conventional mechanical ventilation. The ideal ventilatory approach in 
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patients with hypoxemic respiratory failure may be early institution of an "open 
lung" strategy using high frequency oscillation with rapid identification of pa
tients who are not likely to survive in order to allow institution of other modes 
of gas exchange prior to the onset of irreversible lung injury. 
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Chapter 24 

Surfactant in respiratory distress syndrome 

D. VIDYASAGAR 

Great deal of progress has been made since the first successful report of the use 
of surfactant in respiratory distress syndrome (RDS) by Fujiwara in 1980 [1]. 
Since then scores of randomized clinical trials involving thousands of infants in 
different countries have been conducted. Indeed the science of clinical research 
of multicentered trials evolved during the last 20 years, thanks to interest in 
RDS. 

In parallel with these clinical studies we also saw development of a number of 
new surfactant products. With experience gained we have learnt a great deal 
about surfactant and its effect on RDS as well as its effect on other organ systems 
and its overall impact on natural history and outcome. One could say that after 
the introduction of ventilation, surfactant replacement therapy has made a ma
jor impact on RDS and therapy on the overall neonatal mortality and morbidi
ty. It has also made an impact on infant mortality. The purpose of this lecture is 
to review the information in regard to surfactant therapy in RDS. 

Since the first preparation of surfactant by Fujiwara (surfactant TA) [1] sev
eral other new preparations have been introduced. Although similar, there are 
distinct biochemical differences among them. Surfacten, Survanta, Curosurf, are 
all derived from minced bovine or porcine lungs. Infasurf, Alveofact, are made 
from lung washing, Pneumactant and Exosurf are solely synthetic compounds 
without any surfactant proteins (Table 1). 

The biochemical composition of pulmonary surfactant is given in (Table 2). All 
natural surfactants contain surfactant proteins Band C. None of the commercial 
surfactants contain surfactant protein A. Only amniotic fluid derived surfactant 
contains surfactant protein A, which cannot be industrially made (Table 3). 

The biochemical and biophysical properties of pulmonary surfactant have 
been extensively studied [2-4]. Surfactant derived from alveolar wash have less 
contaminants than those prepared from lung minces. Biophysically, the presence 
of surfactant proteins particularly show important differences in vitro [5]. 

With better understanding of surfactant preparation and surfactant prop
erties, newer genetically designed surfactant preparations are being synthe
sized. KL4 a synthetic peptide which mimics the sequence of SP-B protein in 
aqueous solution leads to surface active property similar to natural surfactant 
[6]. In vitro KL4 resists inhibition by plasma proteins and oxidants released 
during the lung inflammation. Clinical trials using the new surfactant are in 
progress. 
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Table 1. Available commercial surfactant 

Surfactant 

Generic name Trade name 

• Beractant Survanta 

Preparation 

Bovine lung mince extract 
with added DPPC, 
tripalmitin, and palmitic acid 

Manufacturer 

Abbott Laboratories 
(USA) 

• Surfactant -TA Surfacten Bovine lung mince extract Tokyo Tanabi (Japan) 

• Porcine surfactant Curosurf 

• Calf lung 
surfactant 
extract (CLSE) 

SF-RI 1 

Infasurf 

Alveofact 

with added DPPC, 
tripalmitoglycerol, 
and palmitic acid 
Porcine lung mince; 
chloroform -methanol 
extract; liquid-gel 
chromatography 

Bovine lung wash; 
chloroform-methanol 
extract 
Bovine lung wash; 
chloroform -methanol 
extract 

• Artificial lung 
expanding 
compound 
(ALEC) 

Pneumactant DPPC and phosphatidyl 
glycerol in 7:3 ratio 

• Colfosceril 
palmitate, 
hexadecanol, 
tyloxapol 
(CPHT) 

• Peptide (KL4) 

Exosurf 

Surfaxin 

DPPC with 9% 
hexadecanol and 6% 
tyloxapol 

KL4 Peptide 

DPPC, dipalmityl phosphatidylcholine 

Surfactant theraphy 

Premature infants with hyaline membrane disease 

Chiesi Pharmaceuticals 
(Italy) 

Forrest Laboratories 
(USA) 

Boehringer (Germany) 

Britannia Pharmaceuticals 
(UK) 

Burroughs Wellcome Co. 
(USA) 

Acute Therapeutics 
USA 

In hyaline membrane disease (HMD), surfactant is present in insufficient quan
tity to perform the functions. Surfactant deficiency results in the widespread at
electasis, poor compliance, oedema, and haemorrhage that characterize the lungs 
of infants with HMD. The feasibility of administering surfactant to compensate 
for the deficiency in HMD has been of great interest to physiologists and clini
cians. Initial clinical trials of exogenous artificial surfactant in human infants 
with HMD used aerosolized dipalmityl phosphatidylcholine (DPPC) and were 
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Table 2. Biochemical composition of pulmonary surfactant 

- Lipid 
- Phospholipids 
-PC 
-DSPC 
-PG 

• PI } 
• PE 

- LYSO-PC} 
-SM 
- Neutral lipids 
- Protein 
- Carbohydrate 

85%-90% 
75%-85% 
60%-70% 
40%-45% 

10%-15% 

5%-10% 

5%-10% (predominantly cholesterol) 
5%-10% 
5% 

PC, phosphatidylcholine; DSPC, disaturated phosphatidylcholine; PG, phosphatidylglycerol; 
PI, phosphatidylinositol; PE phosphatidylethanolamine; Lyso-PC, lysophosphatidylcholine; 
SM, sphingomyelin; DPPC, dipalmitoyl phosphatidylcholine 

Table 3. Surfactant proteins 

Type Monomer size (Da) Predominant oligomer 

SP-A 28000-36000 Trimer 
SP-B 8000 Dimer 
SP-C 3800 Dimer 
SP-D 43000 Trimer 

not successful, probably because of the poor adsorption velocity of pure DPPC. 
Two other exogenous artificial surfactants, a dry mixture of DPPC and phos
phatidyl-glycerol (PG) in a 7:3 ratio and a mixture of DPPC and high-density 
human serum lipoprotein in a 10: 1 ratio, produced inconsistent results, again 
probably as a result of adsorption rates inferior to natural surfactant [7,8]. In 
premature animal models of HMD, excellent therapeutic effects were demon
strated with direct tracheal instillation of natural surfactant isolated by centrifu
gation ofbronchoalveolar lavage (BAL) fluid from mature lungs. Successful clin
ical trials in human infants with HMD have used exogenous natural surfactant 
from the following sources: human amniotic fluid [9]; bovine lung homogenate 
supplemented with PG or with DPPC, palmitic acid, and tripalmitoylglycerol 
(surfactant TA) [1]; neonatal bovine BAL fluid (calf lung surfactant extract 
(CLSE), and Infasurf) and porcine lung homogenate [10]. Survanta is a bovine 
lung-derived, reconstituted surfactant. Efforts to develop an effective synthetic 
surfactant continued because of concern about possible immune sensitization of 
infants to foreign animal proteins present in heterologous natural surfactant. 
Clinical trials using a synthetic surfactant consisting of DPPC supplemented 
with hexadecanol and tyloxapol (Exosurf) have shown good results [11]. 

Immediate beneficial effects of surfactant therapy include improved oxygena-
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tion, lowered mean airway pressure, and improved aeration on chest radi
ographs [12]. Response to treatment occurs in about 80% of infants. Causes for 
treatment failure include extreme prematurity, pre-existing severe hypoxia, hy
potension and acidosis. Meta-analyses of the outcome differences between sur
factant-treated and control infants, from the reports of randomized controlled 
trials, revealed that surfactant was associated with a 30% to 40% reduction in 
neonatal mortality, a marked decrease in the occurrence of pneumothorax, and 
a decrease in the combined outcomes of bronchopulmonary dysplasia (BPD) or 
death at 28 days. However, there were no overall decreases in the incidence of 
bronchopulmonary dysplasia, patent ductus arteriosus, or intracranial haemor
rhage [13]. The incidence of pulmonary haemorrhage, a rare problem in pre
mature infants, is increased by about 50% in infants who receive surfactant and 
autopsy evaluations have shown extensive intra-alveolar haemorrhage to be ap
proximately four times more common in surfactant-treated infants than in un
treated control infants [14, 15]. 

Although there had been concern that improved survival in premature in
fants with HMD might be associated with increased long-term morbidity, sev
eral follow-up studies have shown that surfactant treatment is associated with 
similar or improved late pulmonary and neurodevelopmental function in com
parison with untreated controls. Serum samples from infants treated with 
bovine lung derived surfactant have contained no detectable antibodies to SP-B 
or SP-C at 6 and 12 months of adjusted age (Table 4) [16, 17]. 

Table 4. Clinical outcomes of surfactant trials for hyaline membrane disease* (prophylaxis 
and rescue; synthetic and natural) 

Mortality 
BPD or death at 28 days 
BPD 
Pneumothorax 
PDA 
IVH 
SP-B, SP-C antibodies 
Long-term morbidity 

+++ 

++ 

+-** 

no effect 
no effect 
not found 
no effect 

BPD, bronchopulmonary dysplasia; PDA, patent ductus arteriosus; IVH, intraventricular he
morrhage; SP, surfactant-associated protein 
* Cumulative data from 35 clinical trials [18,19] expressed in a simplified way 
** Although the combination of BPD or death at 28 days was definitely influenced by surfac

tant replacement, a reduction in BPD alone was not found consistently in all trials analyzed 

Surfactant therapy in USA [18] 

USA was first to conduct number of surfactant clinical trials using multiple cen
ters. Over 10 000 infants were enrolled in studies of Survanta and Exosurf from 
1985 to 1990. These studies led to the Food and Drug Administration (FDA) ap-
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proval of two surfactant products for clinical use in 1989/90. Since then surfac
tant has been used routinely. In USA it is estimated that over 50% of very low 
birth weight cases «1500 g) are treated with surfactant. Extensive use of surfac
tant has been identified with a decrease in neonatal and infant mortality. 

The earliest clinical trials of exogenous surfactant involved administering it to 
infants in whom the diagnosis of severe HMD had already been established. 
Studies using this therapeutic approach have been termed treatment or rescue 
trials. However, animal studies showed that instillation of surfactant before the 
onset of ventilation resulted in better outcomes. 

Thus, in clinical trials, surfactant was administered in birthing areas to infants 
at high risk of developing HMO, Studies using this treatment strategy are called 
prophylaxis or prevention trials. In prophylaxis studies, the incidence of HMD 
among treated infants becomes an outcome variable. Because not all at-risk in
fants actually develop HMD, the prophylaxis approach leads to unnecessary 
treatment of some infants, the proportion increasing with gestational age. How
ever, using the treatment strategy, (Rescue) HMD may be quite advanced and 
infants may receive significant exposure to high oxygen concentrations and ven
tilator trauma before surfactant is given. 

The earlier studies of surfactant therapy involved single-dose treatment, but 
because only transient improvement often occurred, later studies usually al
lowed multiple doses. Trials that have compared single versus multiple dose 
treatments indicate lower mortality and morbidity in infants who receive multi
ple doses [12, 18, 19]. However, whether retreatment should be scheduled or 
based on severity of symptoms remains unresolved. 

Surfactant therapy for HMD has usually been administered to infants already 
receiving mechanical ventilation. A randomized non-blinded trial compared 
early initiation of nasal continuous positive airway pressure (NCPAP) alone and 
early NCPAP plus brief endotracheal intubation for tracheal instillation of a sin
gle dose of Curosurf in premature infants with moderate or severe HMD. Sur
factant treatment was associated with a significantly higher mean ratio of arter
ial to alveolar oxygen tension 6 h after randomization and lower mean incidence 
of subsequent mechanical ventilation [20]. 

In the United States, two surfactant preparations were approved for open tri
als. Exosurf was licensed for treatment of HMD in 1990, and Survanta (a modi
fied bovine surfactant) in 1991. During 1990, the United States infant mortality 
rate decreased by 6%. This was twice the annual average rate of decrease that oc
curred between 1980 and 1989. The large decrease in 1990 resulted from a 36% 
decrease in the mortality from HMD, which in turn was attributed to the wide
spread clinical use of surfactant therapy [21]. 

A multicenter randomized trial in mechanically ventilated premature infants 
with HMD compared Survanta and Exosurf in 652 and 644 infants, respective
ly. Survanta was associated with more rapid improvement in respiratory condi
tion. The incidence of pneumothorax was significantly higher in the group that 
received Exosurf. However, the combined outcomes of BPD or death at 28 days 
of age were similar in the two treatment groups [22]. 
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Clinical trials in Europe [23] 

Number of clinical trials also took place in Europe in the 1980s. Initial studies used 
dry artificial surfactants, then were followed by natural surfactants Alveofact and 
Curosurf. Survanta, and Exosurf were also tested in clinical trials in Europe. A num
ber of 9942 infants were included in a surfactant trial coordinated in Oxford. Num
ber of other trials have been conducted in Europe. One of the controversial use of 
surfactant was administration to human fetus via amniocentesis. This approach is 
very invasive and needs scrutiny before major clinical trials are undertaken. Recent-
1y Halliday summarized results of 12 randomized comparative trials [23]. The re
sults show that natural surfactant had a better result over synthetic surfactant. 

Surfactant was also used in conjunction with continuous positive airway pres
sure (CPAP), and nebulization. Method of administration has also been tested. 
Effects of nebulization lasted for a short period. Larger amount of surfactant was 
required. Comparison of two natural surfactants was also studied. 

It was indicated that the overall survival in early years of introduction of ther
apy (1987) was 59% but four years later it increased to 86%. The most noticeable 
improvement was in 500-999 g infants, suggesting that improvement was due to 
experience gained in the use of surfactant. It may also be possible that other fac
tors (i.e., improved antenatal care, improved management of preterm labor and 
steroid) were responsible for the enhanced outcome. 

In Latin America [24] it was shown that surfactant use although decreased 
mortality and morbidity was higher suggesting surfactant use requires expertise 
as well as additional resources to manage extremely small preterm infants who 
otherwise would have died. 

Surfactant therapy in developing countries [25-27] 

The ready availability of surfactant have increased expectations of using surfac
tant globally. However, some practical considerations are to be made. 

Cost 

The cost of surfactant ($800-$1000 per vial) is high even for developed coun
tries. This may indeed be twice the pro capite income in some countries (i.e., in
dian per capita income $350/year). Thus making it least cost effective. The as
pect has been well studied in some countries where a development of policy for 
selective and restrictive use has been proposed. Similarly, other developing 
countries should develop such strategies. Alternately pharmaceutical industries 
should make efforts to produce low-cost surfactant. 

Surfactant use and availability of appropriate technology 

Use of surfactant presupposes the ready availability of trained personnel to 
manage neonatal ventilation and facilities to provide "total" intensive care. This 
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in itself is a major undertaking. To establish a de novo NICU bed may cost $50 000 
in equipment alone. Space utilization, availability of personnel (nursing, techni
cians), etc. will add up to the cost. In developed countries per day cost of such 
operation exceeds $1500/NICU bed, obviously high-tech care is highly expen
sive. One should be fully aware of such cost analysis prior to introducing NICU 
in a hospital. Best alternative is to develop preventive strategies, (improved pre
natal care, antenatal steroids) and a regionalized system to pool resources, and to 
implement policies for treatment. 

Introduction of surfactant in NICUs in developing countries 

Number of Neonatal Intensive Care Units have been established in developing 
countries, Asia, Africa and Latin America by dedicated groups of neonatolo
gists. These units have been providing excellent ventilatory support and inten
sive care. However a recent study from South America by Diaz J.L., Diaz R. 
(CLAP) (Personal Communication) has shown that surfactant use (in spite of 
high cost compared to countries' per capita income) has decreased overall mor
tality. However, there was an increase in complications, for example infections, 
lack of nutritional support, intraventricular haemorrhages (IVH). These com
plications were attributed to lack of skilled personnel or capabilities to minimize 
infections or improve nutritional support of extremely small weight infants who 
survived for longer time after surfactant therapy. These observations indicate 
that surfactant therapy alone without proper supporting measures will increase 
burden of disease and prove to be less cost effective. 

Can surfactant be used without subsequent ventilator support? 

In view of the above observations one might consider treating infants with 
surfactant either by aerosol (which will still require intubation) or use "single 
intubation" for surfactant instillation followed by nasal CPAP. Studies of 
aerosol treatment of surfactant are in progress but not yet available for clinical 
use. Single intubations for surfactant treatment followed by CPAP have been 
reported by a few investigators. There is a limited use specifically in larger in
fants. The need for superb nursing care of these infants must be clearly recog
nized. 

Pulmonary and non pulmonary effects of surfactant 

Circulatory effects [28] 

Number of investigators have looked into the cardiovascular effects of surfactant 
therapy. It can be expected that since surfactant instillation will improve lung 
compliance, it leads to a decrease in pulmonary vascular resistance and to an in
crease in pulmonary blood flow. The clinically observed patent ductus arteriosus 
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(PDA) following surfactant treatment is thought to be due to the drop in pul
monary vascular resistance (PVR). We showed in premature baboons an in
crease in pulmonary blood flow following surfactant therapy [29]. Others have 
shown a drop in mean arterial blood flow following treatment. Pulmonary 
artery pressure (PAP) decreased by 20% and blood flow increased after Exosurf 
treatment in infants. Although there is a demonstrable decrease in PVR and an 
increase in PAP and pulmonary blood flow and consequent development of 
PDA, there is decreasing incidence of PDA with better management suggesting 
surfactant per se is not the cause for the PDA. 

Cerebral circulation [28] 

Both decrease and increase in cerebral blood flow velocity (CBPV) have been re
ported in the literature. Overall there is no significant changes occur with sur
factant therapy. 

Porcine surfactant decreased mean arterial blood pressure (MABP) by induc
ing vasodilation. The effect is dose dependant. This vasodilation is inhibited by 
NO synthetase by (L NAME). With Curosurf MABP and CO left ventricular 
output increased about 29%, other studies did not show consistent results. 

Effects on patent ductus arteriosus 

Increased incidence of PDA following surfactant therapy has been widely re
ported [29,30]. A meta-analysis of 6 117 infants from 28 studies showed no 
overall increase in PDA after treatment. 

Pulmonary functions 

Pulmonary functions have been studied in infants treated with surfactant [31-
33]. In Exosurf treated infants compliance improved 24 h after treatment, func
tional residual capacity (PRC) got better 12 h after treatment. Improvement in 
oxygenation is not followed by improvement in compliance. The immediate im
provement may be due to increase in ventilation perfusion ratio. 

In a controlled study of prophylactic therapy in the delivery room, pulmonary 
function test (PPT) was studied 1 h before, 24, 48 and 72 after treatment, leading 
to no significant differences in dynamic compliance (Cd), total pulmonary resis
tance, and tidal volume between surfactant and control, before and one hour af
ter. However, dynamic compliance CL was 50% higher in surfactant group at 24 
h. The difference increased to 94% at 7 days of age. Oxygenation was significant
ly greater in surfactant group during the first 72 h. Mean airway pressure was less 
than in control at all times. Compliance improved during first 48 h of life. Bene
ficial effect was not seen immediately. We also showed that significant improve
ment in blood gases preceded improvement in lung compliance during mechan
ical breathing. The study of Bowen et al. showed two patterns of response to sur
factant treatment. One pattern gave a significant response in Pa02 within 2 h of 
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treatment. The second group had a fall in Pa02, which improved after 2 h of 
treatment. Neither of them showed significant A-a differences in Oz/COz/or Nz. 
The data show that improvement that follows treatment occurs by recruitment 
and stabilization of alveoli without adding physiologic dead space. 

Effects on renal function [34] 

Onset of spontaneous diuresis was evaluated in 19 infants (12 surfactant treated, 
7 control) with HMD, in a double blind controlled study. There was no difference 
in the time of onset of diuresis output >80% of intake. GFR was similar in sur
factant and controls during the first 3 days of life. Fe, Na were higher in placebo 
at 24 hand 36 h. Placebo group had higher negative. Na balance than the treated 
grp. Ventilator status improved soon after surf Rx. The data suggested ventilato
ry status improvement was not due to diuresis. Other factors may be responsible. 

Role of surfactant in host defenses [35] 

Surfactant proteins A and D are being increasingly identified as important fac
tors in host defense of lung. Surfactant protein A, binds, and opsonizes the bac
teria, including group B streptococcal bacteria, Pseudomonas and Pneumococci. It 
agglutinates herpes, and influenza virus, and binds with lipo poly saccharide 
(LPS) endotoxin. SP-A deficient mice are susceptible to GBS infection. SPA con
centrations are low in lavage fluid from premature infants. It is decreased by in
fection from respiratory synlitial virus (RSV), bacteria, LPS and tumor necrosis 
factor (TNFX). SP-A also activates macrophages, and polymorphonucleocytes 
(PMNs) enhancing bacterial killing. Surfactant protein D- synthesized by bron
chiolar, tracheal-bronchial and alveolar epithelial cells. It binds bacteria, E. coli, 
Salmonella, Klebsiella, enhances uptake and killing of bacteria. It also aggluti
nates virus, and binds with LPS. Concentrations in bronchi alveolar lavage are 
low in prematurity. Thus natural surfactants play neither to unknown roles 
which are very critical to survival of immature infants. 

Timing and method of administration 

Considerable discussion surrounds regarding the timing of surfactant therapy. 
Since bronchiolar damage can be seen in animals exposed to oxygen and me
chanical ventilation even for a short period of time, surfactant treatment soon 
after birth (prophylactic) has been proposed. It is also shown that the absence of 
surfactant and resultant atelectasis leads to protein leak which inhibits and inac
tivates surfactant. These consideration strongly support prophylactic treatment. 
However, long term benefits did not differ. It is estimated that routine adminis
tration of surfactant to at risk infants prior to first breath would lead to unnec
essary treatment of 30% of infants; with increasing use of antenatal steroids 
even extremely low birth weight infants escape the need for surfactant and avoid 
developing of RDS. Routine surfactant administration in the delivery room may 
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delay resuscitation and lower Apgar scores may be noted. It can be recommend
ed that prophylactic administration of surfactant should be given in at risk in
fants <30 week of gestation, soon after resuscitation and establishment of endo
tracheal intubation. A large multi center randomized trial comparing treatment 
at 2 h versus treatment for severe RDS at 3 h showed small but significant (6%) 
risk for death or O2 dependency [36]. 

Dosage 

Most products recommend 100 mg/kg of phospholipid. The available information 
regarding multiple doses is based on earlier trials [37]. However, since the avail
ability of drug timing and dosing has varied, doses beyond 3 do not seem to have 
much benefit. Exogenous surfactant is rapidly reutilized, it may also be inactivat
ed by inhibitors necessitating redosing. Additional doses may not reach the previ
ously atelectatic alveoli. We prefer to give maximum of 3 doses if infants continue 
to remain ventilator dependant requiring MAP>7 cmH20 and Fi02>40%. 

Technique of treatment 

The recommended techniques have differed from surfactant to surfactant. The 
manufactures of Survanta recommend a complicated procedure based on orig
inal advice of Fujiwara to assure distribution of surfactant to all portions of 
lung; others recommend minimal positioning to right and left sides [1,37]. 
Most now recommend bolus injection with endotracheal tip left in midtrachea. 
Since administration requires disconnection of ventilator, special adopters with 
side part have been used for some surfactants. Studies comparing bolus versus 
drip treatment may preferentially go to dependent areas hence a bolus injection 
will have better distribution. Aerosol administration is under investigation. It re
quires sophisticated delivery system, it will require larger doses and distribution 
may be unhomogenous. 

When given by instillation it is delivered in aliquotes with intermittent bag
ging in between. Noted complications include, bradycardia, cyanosis, and hy
potension, all transient responses. Inappropriate management of ventilation fol
lowing surfactant treatment may lead to the development of air leaks. There is a 
need to improve skills of personnel in the proper use of surfactant. 

A study from Latin America also showed that although surfactant usage im
proved oxygenation and survival, there was an increase in associated complica
tions (i.e., air leaks, infections and inadequate nutrition of surviving VLBW in
fants). These observations indicate the need for development of full support 
system in the NICU prior to initiating surfactant replacement therapy. 

Pretransport surfactant use 

Administration of surfactant prior to neonatal transport showed that it was safe 
but did not confer any advantage over post-transport treatment [38, 39]. It is 
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also feared that pretransport administration by the transport team may cause 
delay. However, this practice may be recommended if infant's condition allows 
intubation and ventilation. Surfactant must be administered by skilled person
nel to give the benefit prior to the arrival of the team. This suggestion presup
poses that physician administering has the knowledge and skills of modulating 
ventilator settings according to response. 

Use of surfactant in conditions other than respiratory distress syndrome 

Surfactant therapy by virtue of its ability to maintain alveolar stability should be 
useful in all the conditions that produce alveolar alectasis. Consequently surfac
tant has been used in infants with pneumonia and meconium aspiration syn
drome, pulmonary haemorrhage, diaphragmatic hernia. 

Among these conditions the use of surfactant in meconium aspiration syn
drome has been gaining clinical importance [40-42]. Some clinical studies have 
shown improved oxygenation following surfactant instillation therapy but have 
not been consistent in results. Recently a new method of surfactant treatment 
(i.e., bronchial lavage with surfactant) has been reported to be clinically bene
ficial [43,44]. 

The difference in response between tracheal administration alone and lavage 
needs to be studied. Tracheal administration alone may not be as effective since 
the surfactant may be inactivated by meconium. Thus removal of meconium 
may be equally important. In lung washing surfactant may act as detergent. In 
animal and clinical studies using Survanta as well as KL4 investigators have 
shown improvement in oxygenation; as regards compliance, these observations 
need to be studied more extensively. 

Surfactant has also been used in neonatal group B ~streptococcus (GBBS) 
infection and adult RDS [45, 46]. The pathophysiology appears to involve 
increased microvascular permeability and pulmonary oedema. Surfactant is 
actively inhibited by oedema fluid. Although earlier observations with nat
ural surfactant preparations were successful in the ARDS, multicenter con
trolled studies with synthetic surfactant in ARDS failed to show improved 
survival [47,48]. In addition, multiple large doses required to treat adult 
lungs may prove to be costly. 

Practical questions regarding surfactant therapy 

What are the indications for surfactant therapy? 

Surfactant replacement is being used primarily for neonatal surfactant deficien
cy states (i.e. HMD in the premature infant). The benefit of such therapy in oth
er clinical states such as "shock lung" and ARDS is yet to be studied. It is sug
gested that surfactant therapy be withheld in the presence of pneumothorax be
cause it may be drained through the chest tube. Shock and severe acidosis also 



238 D. Vidyasagar 

should be corrected prior to initiating surfactant therapy for optimal results. 
Surfactant has been used in meconium aspiration syndrome both as a replace
ment, and more recently as a lavage. 

Which is the best surfactant? 

A review of the literature indicates that purified and reconstituted natural 
surfactant have had superior results in improving lung function and blood 
gases (oxygenation). Synthetic surfactant are also effective. Naturally de
rived and reconstituted surfactant are superior in improving blood gases 
rapidly. 

How is surfactant supplied? How is it administered? 

There are various surfactant preparations available in the global market. Clini
cians should become familiar with these products. All surfactants are adminis
tered intratracheally. Bolus rather than drip technique of administration is rec
ommended for better distribution. Clinicians should follow instructions of each 
product. Avoiding prolonged unnecessary interruption during administration 
will be important. 

When to treat? 

Physiologically, it is rational to treat the at risk infant at birth, prior to the first 
breath. Nevertheless, a large proportion of those at risk (up to 30% in one 
study) may not develop HMD and hence may be treated unnecessarily. It is 
suggested that for practical reasons, treatment immediately after intubation 
and full resuscitation is recommended in infants ofless than 30 weeks of gesta
tion. 

What is the dose of surfactant therapy? 

The dose of surfactant in various studies has ranged from 50 mg to 200 mg/kg. 
Most manufacturers recommend 100.mg of phospholipid/kg suspended in 3-5 
ml of saline. One should follow the recommendations of each product. 

How many doses are required? 

The suggested regimen of doses and number of recommended treatments are all 
based on trials conducted prior to release of drugs. They varied from a single 
dose to 4 doses. We believe most of the times maximum of 2-3 doses will be ad
equate to overcome surfactant deficiency, to get even spread and to overcome in
activation by inhibitors. Doses are repeated for 6-8 h if there is no improvement 
in a/A ratio, or deteriorating status. 
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Can surfactant be given prior to transport? 

At risk infants born at level II hospitals should be treated as early as possible. 
This presupposes that physician at the hospital has "intubation and ventilation" 
skills. It will be important to train such personnel if the expected travel time for 
transfer is long (i.e. hours). In metropolitan cities of USA where trained neona
tologists manage level II hospitals, infants with RDS are routinely intubated, re
suscitated and treated with surfactant prior to transport as per indication. In
fants are well stabilized prior to the arrival of transfer team. We found it to be ex
tremely helpful to treat as early as possible. If treatment is initiated by transport 
team after arrival at the hospital, they should allow additional time for instilla
tion, stabilization and making changes in ventilatory settings. 

Can surfactant be given when no ventilatory support is available? 

As discussed in this chapter, surfactant has been used with "one intubation" fol
lowed by treatment with nasal CPAP, with good results. Such approach is war
ranted only in these areas where ventilatory support is out of reach. Cost effec
tiveness of routine use in a given country must be studied prior to routine use. 
Paediatricians, neonatologists must develop practical guidelines for their insti
tutions and governments for proper use of surfactant. On the other hand, man
ufacturers must make drug available at reasonable cost. 

Conclusions 

In summary, since the report of successful clinical use of surfactant by Fuji
wara, scores of randomized clinical trials in USA, Europe, and other countries 
were conducted. Thousands of infants were studied. These studies were not limit
ed to changes in clinical status of RDS alone. Secondary effects on various organ 
systems have also been studied extensively. To date surfactant therapy has changed 
the course of RDS in more than one way: improved disease status, lowered com
plications, improved overall survival. 

Exogenous surfactant therapy is a landmark in the history of clinical medicine. 
It is a major milestone of 20th century. 
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Chapter 25 

Liquid ventilation: recent concepts 

J.H.ARNOLD 

History of liquid ventilation 

Perfluorocarbon (PFC) liquids were first demonstrated to be suitable as an alter
native respiratory medium by Clark and Gollan in 1966 and are characterized by 
the unique combination of high solubility for O2 and CO2, low surface tension, 
high spreading coefficient, and high density. However, attempts to utilize liquid 
media to enhance gas exchange significantly predate the development of perfluo
rochemical compounds. In the 1920s, saline lavage was utilized to treat victims of 
gas attacks during World War I and directly stimulated an interest in the use of 
liquid ventilation to support gas exchange during saline lavage. Evaluation of the 
feasibility of liquid ventilation was propelled further by u.s. government-spon
sored research efforts involving ultradeep diving and the potentially fatal physio
logic changes associated with rapid descent and subsequent ascent. Physiologic 
studies of the saline-filled lung demonstrated alveolar recruitment, increase in 
lung compliance and a homogenization of the distribution of regional pulmonary 
blood flow. In 1966, Kylstra [1] performed the first liquid breathing experiment 
using saline in a hyperbaric chamber and was able to support gas exchange in an
imals for 60 min. Subsequently, a biochemical search began to identify liquids 
with low surface tension, high solubilities for O2 and CO2, as well as immiscibili
ty and nontoxicity. In 1966, Clark and Gollan performed the first liquid breathing 
experiment under normobaric conditions using a perfluorocarbon [2]. Shaffer 
developed the first demand-controlled total liquid ventilator in 1974 and in the 
1970s and 1980s, total liquid ventilation was examined in a number of animal 
models oflung injury. In 1989, Greenspan et al. reported the first human use of 
total liquid ventilation in three neonates using a gravity-dependent delivery sys
tem [3]. In 1991, Fuhrman et al. were the first to report the use of partial liquid 
breathing, whereby gas tidal volumes are delivered to the perfluorocarbon-treated 
lung using a conventional mechanical ventilator [4]. In 1995, HirschI et al. re
ported the first partial liquid breathing trial in humans who were being support
ed with extracorporeal membrane oxygenation (ECMO) at the time of study [5]. 

Total liquid ventilation 

Full-tidal or total liquid ventilation (TLV), which utilizes PFC tidal volumes de-
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livered to the PFC-filled lung, has been shown to enhance gas exchange and im
prove pulmonary mechanics in animal models of preterm surfactant deficient 
lungs [6] and mature, acutely injured lungs [5,7]. Improved gas exchange dur
ing TLV in pre-term human neonates has also been reported [3]. 

TLV is possible with PFC liquids because PFCs have high solubility for both 
oxygen and, importantly, carbon dioxide. In addition, bulk flow of PFC liquid 
to support ventilation can be achieved at acceptable intrapulmonary pressures 
due to the density and viscosity relationships of these compounds. In addition, 
PFCs are nontoxic to the lung and it has been shown that animals can resume 
gas breathing without difficulty. A complex device to deliver PFCs in precisely 
determined volumes is necessary and the initial gravity-dependent PFC deliv
ery methods have evolved significantly. At present, an ECMO-like circuit in 
which the PFC fluid is oxygenated, purged of CO2, and warmed is utilized. 
Problems in the development of TLV have arisen from the technical issues re
lated to the design of devices which produce tidal movement of liquid. Al
though this technology is not invasive, it is expensive and unapproved by the 
FDA. Furthermore, the priming volumes for the liquid ventilator are large and 
potentially expensive. 

The physiology underlying improved gas exchange and lung mechanics dur
ing TLV and its salutary effects on pulmonary mechanics in the surfactant-defi
cient and the injured lung have been extensively studied. Because of the combi
nation of properties mentioned above, replacement of the air/alveolar interface 
with a PFC/alveolar interface leads to a reduction in interfacial tension and an 
increase in compliance and supports the re-establishment or "normalization" of 
functional residual capacity in states of reduced lung compliance [8-10]. In mod
els of acute lung injury and surfactant deficiency due to prematurity, investiga
tors have documented a reduction in shunt fraction [9] and, additionally, at
tributed improved gas exchange to improved ventilation/perfusion matching [9-
11]. Quantification of ventilation/perfusion relationships has not been applied 
during TLV; however, analysis of pulmonary blood flow distribution during TLV 
in an isolated lung preparation [12] and in preterm meconium-stained lambs 
[9] demonstrated attenuation of the regional blood flow gradient, favoring the 
dependent regions of the gas-filled lung with a shift in flow from dependent to 
non dependent regions. This pattern has been attributed to the formation of an 
alveolar pressure gradient that, because of the dense nature of PFC liquids (spe
cific gravity =1.76), exceeds the hydrostatic pressure gradient in the pulmonary 
vascular tree [12]. There is also interesting evidence that perfluorochemical 
compounds may attenuate the inflammatory response to acute lung injury. Liq
uid ventilation with the perfluorochemical, perflubron (perfluoro-octyl bro
mide, perflubron, Liquivent, Alliance Pharmaceutical Corp., San Diego, CA), 
has been associated with a marked reduction in inflammatory change in the 
lung in animal models in acute lung injury [7, 13, 14]. Although the precise mech
anism by which perflubron alters immune responses is not clear, the compound 
clearly interferes with functions of macrophages [15, 16], lymphocyte function 
[17], and neutrophil response [18, 19]. 
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Partial liquid ventilation 

During the technical development of TLV, it was discovered that animals with 
PPC-filled lungs could be supported with a conventional ventilator: the ventila
tor produced tidal gas ventilation of the fluorocarbon-filled lung and both oxy
genation and ventilation were noted to be enhanced. This technique [4) has be
come known as partial liquid ventilation (PLV) and has been shown to improve 
gas exchange and lung mechanics in a variety of animal models. 

Likewise, the physiology of gas exchange during PLY has been extensively in
vestigated. Although PLY in the normal lung is known to impair the efficiency of 
gas exchange [4,20) and has been shown to increase intrapulmonary shunt and 
ventilation/perfusion heterogeneity [21), PLY has been shown to improve the ef
ficiency of gas exchange and lung mechanics of injured lungs in models of pre
mature [11,22) and injured lungs [23,24) and in preliminary human trials [25-
27). When PLY is initiated with a PPC volume equivalent to estimated function
al residual capacity, lung recruitment is believed to be promoted by the reduc
tion of interfacial tension and by bulk distension of alveoli with a noncom press
ible medium. This produces an increase in the alveolar/capillary surface area 
participating in gas exchange and thus reduces shunt fraction in injured lungs 
[20,28). 

It has also been suggested that the alveolar hydrostatic pressure generated by 
intrapulmonary PPC during PLY shifts regional blood flow within the lung in a 
manner similar to that during TLY. This would potentially lead to the normal
ization of disorganized regional ventilation/perfusion relationships within the 
injured lung, improving the efficiency of gas exchange [11). We have recently 
demonstrated that during PLY, regional blood flow redistribution patterns in the 
vertical plane vary dramatically on the basis of transverse section location along 
an apical-diaphragmatic axis [29). We found flow shunted away from diaphrag
matic lung irrespective of location in the vertical plane and away from depen
dent lung in the hilar region. As part of this pattern, flow is augmented in non
dependent hilar lung and in apical lung in general. In as much as we did not find 
an increase in overall pulmonary vascular resistance, it seems likely that the 
change in regional pulmonary vascular resistance responsible for the shift in 
flow away from dependent and diaphragmatic lung must be accompanied by a 
reciprocal fall in pulmonary vascular resistance in nondependent and apical 
lung. These blood flow redistribution data suggest that with matched changes in 
regional ventilation, PLY may enhance gas exchange in the injured lung by im
proving disorganized regional ventilation/perfusion matching. 

PLY: preclinical and clinical studies in lung injury 

Leach et al. described their experience with PFC-associated gas exchange in a 
premature animal model of respiratory distress syndrome [Ill. Dynamic lung 
compliance increased three fold within 15 min of beginning PLY, and the P02 in-
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creased from a mean of 59 mmHg during conventional ventilation to 250 mmHg 
during PLY. Improvements in oxygenation and lung compliance persisted 
throughout the 60 minutes of study. Also of note was the fact that the PC02 de
creased significantly and the pH increased significantly during PLY as compared 
with values obtained during conventional ventilation. Recent studies using per
fluorooctyl bromide (perflubron) have shown PLY to result in improved oxy
genation and lung mechanics in premature lambs with respiratory distress syn
drome [30), neonatal piglets with gastric acid aspiration [13), saline-lavaged rab
bits [14), oleic acid-injured dogs [23) and saline-lavaged, oleic acid-injured sheep 
[29). The first human report of the use of PFCs in supporting gas exchange ap
peared in 1990 and involved the administration of warmed, preoxygenated Rimar 
101 to three preterm infants using a system designed to provide total liquid ven
tilation [3). More recently, Gauger et al. [25) reported a series of six paediatric pa
tients with severe respiratory failure treated with perflubron for periods ranging 
from 3 to 7 days. The patients in this series were profoundly hypoxemic and all 
met the institution's criteria for institution of extracorporeallife support (ECLS). 
The mean alveolar/arterial oxygen gradient at the time the patients were studied 
was 635 torr. The patients ranged in age from 8 weeks to 51h years and five of the 
six were less than 1 year. Perflubron was administered between 37 and 236 h fol
lowing initiation of ECLS and all were on extracorporeallife support (ECLS) at 
the time they were treated with perflubron. The mean Pa02 during separation 
from ECLS increased from 39 mmHg to 92 mmHg and this increase was statisti
cally as well as clinically significant. In addition, the mean static lung compliance 
increased from 0.12 m1!cmH20/kg to 0.28 m1!cmH20/kg, which was also signif
icant. All six patients were ultimately weaned successfully from ECLS and sur
vived to hospital discharge. Two patients did manifest small pneumothoraces 
during administration of perflubron and both resolved spontaneously. 

More recently, Leach et al. have reported their experience using PLY in a series 
of premature infants with severe respiratory distress sydrome [27). In a phase I, 
open-label study 13 severely ill premature infants (mean BW 1 057 g) who had 
failed surfactant therapy were treated with perflubron with an inital mean dose 
of 15 m1!kg for a mean duration of 42 h. Ten infants responded and manifested 
a significant reduction in oxygenation index (65%) as well as a dramatic im
provement in lung compliance (61 %). The adverse events reported included en
dotracheal tube obstruction and hypoxia. Eight of the infants survived and these 
encouraging data have stimulated significant interest in controlled trials of PLY 
in this premature population with a high predicted mortality. 

There is also exciting new evidence that liquid ventilation when compared 
with conventional mechanical ventilation decreases the histological evidence of 
lung injury in an oleic-acid treated animal model [32). Appropriate application 
to older patient populations with acute hypoxia and respiratory failure or syn
dromes not associated with surfactant deficiency need to be carefully examined. 
In the absence of unforeseen problems with toxicity, it is likely that PFC will as
sume a dominant role in the management of respiratory failure over the next 
several years. 
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Interface between PLY and high frequency ventilatory techniques 

The combination of high frequency oscillatory ventilation and partial liquid 
breathing offers the possibility of partitioning the physiologic changes associat
ed with positive pressure ventilation. Perflubron is clearly distributed preferen
tially to dependent lung due to its density relative to water [25,26, 33-35J. De
pendent lung regions have the greatest degree of atelectasis in both animal mod
els oflung injury [36J as well as adults with acute respiratory distress syndrome 
(ARDS) [37J. Perflubron, therefore, produces rapid expansion of atelectasis
prone lung while high frequency oscillation offers an effective modality of lung 
volume maintenance [38J. Perflubron has surface tension-reducing properties 
that may be most effectively distributed with high frequency oscillatory ventila
tion [39J. The viscosity of perflubron also alters the distribution of gas ventila
tion to the perflubron-treated lung [40J with the non dependent lung receiving 
the largest portion of the gas tidal volume. 

Several investigators have examined the combination of high frequency ven
tilation and perfluorochemical administration in animal models of lung injury. 
Baden et al. examined sequential dosing of perflubron during high frequency os
cillatory ventilation of neonatal piglets with saline lavage-induced lung injury 
[ 41 J. Animals were all treated with the same mean airway pressure during high 
frequency oscillatory ventilation with no attempts to optimize lung volume dur
ing the period of study. Initial dosing of the injured animals with 3 mllkg of per
flubron produced a significant increase in oxygen tension compared with ani
mals managed with high frequency ventilation alone. Subsequent dosing, to a 
total administered dose of 30 mllkg of perflubron, did not produce statistically 
significant improvements in oxygenation. However, the absence of attempts to 
optimize lung volume, particularly as lung mechanics were altered with each 
successive dose of perflubron, as well as the sequential study design make these 
data difficult to interpret. 

Smith et al. described the combination of perflubron administration and a 
variety of high frequency devices in neonatal piglets treated with saline lavage 
[42 J. After induction of lung injury, perflubron was instilled to achieve a visible 
meniscus within the endotracheal tube at zero airway pressure, resulting in a 
mean dose of 36 mllkg. Ventilator settings were manipulated to optimize oxy
genation using a conventional ventilator, high frequency jet ventilation, high 
frequency oscillatory ventilation as well as high frequency flow interruption with 
a multiple crossover design to allow comparison of different ventilator types af
ter initial administration of perflubron. The complex design of this study makes 
the precise effects of combined high frequency oscillation and perflubron ad
ministration on gas exchange difficult to interpret. It was clear, however, that 
dosing to a visible meniscus did not produce significant improvements in oxy
genation. 

In an important follow-up study, the same group of investigators examined 
the effect of combined high frequency ventilation and perflubron administra
tion on lung pathology in lavaged neonatal piglets [43 J. In this 20 h study, which 
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included attempts to optimize lung volume with pertlubron dosing to achieve a 
visible meniscus, the combination of high frequency oscillation with pertlubron 
administration produced the lowest combined lung injury scores. Furthermore, 
there was evidence of enhanced lung protection in both dependent and non-de
pendent lung regions. One interpretation of these two studies [42,43] is that the 
optimal dose for enhancement of oxygenation is not the same as for provision of 
lung protection. Unfortunately, these data are incomplete as there are currently 
no data available describing histopathologic evidence of lung protection during 
the combination of high frequency oscillation and partial liquid breathing at 
varying doses of pertlubron. 

In a recent study in larger animals, we described the effects of pertlubron ad
ministration during high frequency oscillatory ventilation on gas exchange, 
haemodynamic function, and lung histopathology [44]. Healthy swine under
went repetitive saline lavage and were then randomized to high frequency oscil
lation or combined high frequency oscillation and partial liquid ventilation with 
pertlubron (HFO-PLV). Lung volume was not optimized in either treatment 
group and the HFO-PLV animals received a dose of 30 mllkg of pertlubron. 
There were no differences in the two groups of animals regarding gas exchange 
or haemodynamic function. However, the animals treated with the combination 
of high frequency oscillation and pertlubron manifested significantly less severe 
atelectasis that was apparent after 2 h [44]. 

We have recently completed a dose-ranging study using high frequency oscil
loatoryventilation applied to groups of animals treated with 5,15, and 20 mllkg 
of pertlubron after saline lavage and optimization of lung volume on HFO. 
These data, which describe the dose/response relationships for gas exchange and 
haemodynamic function, suggest that the optimal dose for oxygenation efficien
cy, as quantified by the lowest oxygenation index, is in the range of 5-15 ml/kg. 
Furthermore, the pertlubron-treated animals achieved adequate oxygenation 
within the specified target ranges for Fi02 and Pa02 with the lowest possible 
mean airway pressure during high frequency oscillation. 

In summary, the results of a number of preclinical studies suggest that the 
combination of high frequency oscillatory ventilation and pertlubron adminis
tration may offer an important advance in the treatment of acute lung injury 
and ARDS. We suggest that the dependent distribution of pertlubron maximal
ly reduces surface tension and recruits lung volume in the most severely affected 
lung regions. Simultaneously, high frequency oscillation of the pertlubron-treat
ed lung allows optimal lung volume maintenance with reduction of cyclic alve
olar volume changes in the more compliant lung regions that are predominant
ly non dependent and primarily gas-filled during HFO-PLV. Our data suggest 
that the optimal dose of pertlubron to achieve the lowest oxygenation index 
during HFO-PLY is between 5 and 15 ml. High frequency oscillation of the per
tluorochemical-treated lung may well represent the sentinel advance in noncon
ventional support of the acutely injured lung that will significantly impact mor
bidity and mortality in the clinical setting. 
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Chapter 26 

Hemopurification in paediatric intensive care 

G. ZOBEL, S. RODL, E. RING, B. URLESBERGER 

Acute renal failure is defined as the cessation of renal function with or without 
changes in urinary output. The incidence of acute renal failure in paediatric in
tensive care units is highly variable, ranging from 2%-8% [1]. Acute renal failure 
in infants and children is often associated with severe medical or surgical illness. If 
conventional therapy fails to control fluid and metabolic balance, extracorporeal 
renal replacement therapy has to be instituted [2]. Intermittent hemodialysis and 
peritoneal dialysis are not always feasible in critically ill patients for both technical 
and clinical reasons [1]. Continuous hemofiltration, either driven in the arteri
ovenous or venovenous mode, is an alternative continuous renal replacement 
therapy (CRRT) to control fluid and metabolic balance [3,4]. In 1977, Kramer et 
al. first described continuous arteriovenous hemofiltration (CAVH) for extracor
poreal renal support in oliguric adults with diuretic-resistant fluid overload [5]. 
Recently, this technique has been used in critically ill paediatric patients [6-12]. 
During CAVH the blood is driven through the hemofilter by the arteriovenous 
pressure gradient. Fluid and solutes are removed by convective transport. The 
great advantage of CAVH is its simplicity, safety, and excellent clinical tolerance. 
However, arterial cannulation carries the risk of arterial thrombosis or throm
boembolism. In addition, low efficiency and frequent hemofilter clotting are the 
disadvantages of CRRT. A variety of techniques, such as suction support, predilu
tion, or intermittent or continuous hemodialysis, have been described to increase 
the efficacy of CAVH [13-16]. Suction-supported CAVH increases the ultrafiltra
tion rates but decreases filter running time by increasing blood viscosity inside the 
filter. Predilution increases filter running without significantly increasing ultrafil
tration rates. Continuous hemodiafiltration (CHDF) increases urea clearance 
rates without influencing the hemofilter running time and is an alternative to 
CAVH in critically ill patients with hypercatabolism. Recently, blood pumps have 
been increasingly used for hemofiltration both in adult and paediatric patients [4, 
17, 18]. Continuous venovenous hemofiltration (CVVH) allows constant blood 
flow rates, produces higher ultrafiltration rates and prolongs filter running time. 

Methods 

Schematic graphs of spontaneous and pump-driven hemofiltration and he
modiafiltration are given in Fig. 1. 
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ICAVHDFI 

ICWHI ICWHDFI 

Fig.I. Schematic graphs of different techniques of continuous renal replacement therapies. A, 
artery; V, vein; HF, hemofilter; U, ultrafiltrate; R, replacement fluid; D, dialysate; P, pump; 
CAVH, continuous arteriovenous hemofiltration; CAVHDF, continuous arteriovenous he
modiafiltration; CWH, continuous venovenous hemofiltration; CWHDF, continuous ven
ovenous hemodiafiltration 

Extracorporeal circuit 

Different hemofilter systems (Amicon Minifilter, Amicon Minifilter Plus, Ami
con Diafilter D-20, Amicon Corp., Lexington, MA; Miniflow lO, Multiflow 60, 
Hospal Lyon, France; Gambro FH 22, Gambro Corporation, Hechingen, Ger
many) were used for CRRT in neonates, infants, and children. The hemofilter 
characteristics are given in Table 1. The membrane surface area ranges from 
0.015 m2 to 0.6 m2 and the priming volume from 3.7 to 48 ml. The low end-to
end pressure drop of the Amicon filters is ideal for CAVH in small infants. 

The blood lines should be as short as possible to minimize the resistance to 
blood flow. The arterial line needs one port for continuous heparin infusion 
and one for pressure tracings and blood sampling, and on the venous line there 
should be one port for the infusion of the replacement fluid and one for pres
sure tracings. The ultrafiltrate collection bag should be placed 70-100 cm below 
the hemofilter to exert a negative pressure on the hemofilter membrane. 

The hemofilter system was rinsed with 110.9% saline solution containing 5 000 
IU of heparin. In small infants the system was primed with heparinized blood (3 
IU/ml) immediately before starting the procedure. Hemofilters were exchanged 
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when ultrafiltration rates had decreased to 60%-70% of the initial mean value. 

Vascular access 

Adequate vascular access is extremely important for CAVH in neonates and in
fants. The catheters have to be short with a relatively large inner diameter to 
minimize the resistance to blood flow. Vascular access for both the arteriovenous 
and venovenous techniques are given in Table 2. The umbilical vessels can be 
used for blood access in neonates during the first week of life. However, the re
sistance of standard umbilical catheters is rather high [19]. Short 20-22 G can
nulas inserted into the radial or brachial arteries usually provide adequate blood 
flow in newborns. The femoral artery is not the first choice of vascular access in 
neonates, but is routinely used in older infants and children. Radial and brachial 
arteries are punctured directly. All other catheters are placed percutaneously us
ing the Seldinger technique. The internal jugular vein should be used for blood 
return because its cannulation is safe and easy in small infants. The venous 
catheter should be short with a large inner diameter to optimize blood flow 
through the circuit. We now use 4-F catheters (Medcomp, Medical Components 
Inc., Harleysville, USA) for blood return in neonates and small infants. All ve
nous catheters are placed with standard Seldinger technique. 

For pump-driven hemofiltration we prefer the use of two 5-F single-lumen 
catheters in neonates. The tip of the catheter has to be placed into the middle of 
the right atrium to provide adequate drainage of venous blood. In infants older 
than 6 months, we routinely use double-lumen catheters from 7.5-9 F. 

Table 2. Vascular access for continuous arteriovenous and venovenous hemofiltration in in
fants and children 

Artery Catheter Vein Catheter-5L Catheter-DL 

Neonates Umbilical 3.5-5 F Umbilical 5F 6-7F 
Radial 20-22 G Internal jugular 4F 6-7 F 
Brachial 20 G Femoral 4F 6-7 F 

Infants Radial 20 G Internal jugular 5-6 F 7-8 F 
Brachial 18-20 G Femoral 5-6 F 7-8 F 
Femoral 18 G 

Children Femoral 4-5 F Femoral 8F 9-11 F 
Subclavian 8F 9-11 F 
Internal jugular 8F 9-11 F 

SL, single-lumen; DL, double-lumen; F, french; G, gauge 

Anticoagulation 

Anticoagulation was usually achieved with unfractionated heparin. Patients with 
a normal coagulation status initially received a heparin bolus of 50-100 IV/kg 
followed by a continuous infusion of 10-20 IV/kg per hour into the arterial line 
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of the extracorporeal device. Heparinization was controlled by partial thrombo
plastin time (PTT) measurements in the systemic circulation three to four times 
a day. PTT was maintained at 20-30 s over baseline. In patients at high risk of 
bleeding prostacyclin (Flolan, Welcome, London, UK) was given at a rate of 5-20 
ng/kg per minute as the sole antithrombotic agent or in combination with low
dose heparin (2.5 IV/kg per hour). 

Fluid balancing and replacement fluid 

The ultrafitrate was partially or totally replaced according to the clinical situa
tion. The ultrafiltrate substitution was either based on lactate or bicarbonate 
and was warmed by a fluid warmer system (Hotline, Levell Technologies Inc., 
Rockland, MA, USA) before infusion. The lactate-based solution consists of 142 
mmolll sodium, 110 mmolll chloride, 1.75 mmolll calcium, 0.75 mmolll mag
nesium, and 35 mmolillactate. Potassium was added up to 4 mmolll according 
to the serum potassium levels. In all neonates and in children with multiple or
gan system failure, the ultrafiltrate substitution fluid was based on bicarbonate 
(Hemosol BO, Hospal Lyon, France). This solution consists of 140 mmolll sodi
um, 109 mmolll chloride, 1.75 mmolll calcium, 0.5 mmolll magnesium, 3 
mmolillactate, and 32 mmolll bicarbonate. Fluid in- and output were either 
controlled by the nurses on an hourly basis or continuously by a microproces
sor-controlled fluid balance system (Amicon Equaline system, Amicon Corp., 
Lexington, MA, USA) using the weight change program. The ultrafiltrate, the re
placed ultrafiltrate substitution fluid, and the fluid balance were continuously 
displayed on the control panel. 

Continuous arteriovenous hemofiltration 

During CAVH blood is driven through the highly permeable hemofilter by the 
patient's arteriovenous pressure gradient, producing an ultrafiltrate that is par
tially or totally replaced with an appropriate replacement solution. 

Slow continuous ultrafiltration 

Slow continuous ultrafiltration (SCU) is a form of CAVH/CVVH not associated 
with fluid replacement. 

Continuous venovenous hemofiltration 

Blood is driven through a highly permeable hemofilter by a roller pump. In 
CVVH the ultrafiltrate produced is partially or totally replaced according to the 
clinical requirements. For pump-driven hemofiltration we use a roller pump 
(Gambro AK 10 blood monitor, Gambro Corporation, Hechingen, Germany) 
and small blood lines. The roller pump has two exchangeable pump headings 
which enabled blood flow rates from 12 to 300 mUm in. Pressure tracings were 
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performed immediately before the roller pump and after the hemofilter. Recent-
1y, we started with one of the newly designed machines (Prisma machine, Hospal 
Lyon, France) equipped with integrated safety alarms, pressure monitoring and 
pumps for fluid balancing control and the capability to perform hemofiltration, 
hemodialysis, or hemodiafiltration. However, these machines are not yet adapt
ed for use in neonates and small infants. 

Continuous hemodiafiltration 

During CHDF the CAVH or CVVH circuit is modified by the addition of slow 
countercurrent dialysate flow into the ultrafiltrate-dialysate compartment of the 
hemofilter. CHDF can be driven in the spontaneous or pump-driven mode. The 
bicarbonate-based dialysate consists of 140 mmo1!l sodium, 109 mmo1!l chlo
ride, 1.75 mmo1!l calcium, 0.5 mmo1!l magnesium, 3.0 mmollliactate, and 32 
mmo1!l bicarbonate. Potassium was added as required up to 4 mmo1!l. The 
dialysate was administered by the Equaline system, using the infusion mode. 
The dialysate and ultrafiltrate flows were continuously displayed on the control 
panel of the Equaline system. During continuous hemodiafiltration, the ultrafil
trate was replaced by a volumetric pump. Now the Prism a machine is used in in
fants and children with a body weight of more than 10 kg to run the different 
techniques of renal replacement therapies. 

Serum and ultrafiltrate/dialysate concentrations of urea and creatinine were 
determined routinely three times a day. Urea clearance was calculated as: dialysate 
effluent urea/serum urea x volumeltime. Pre- and postftlter hematocrit and plas
ma protein were determined twice daily to calculate blood flow rate and filtration 
fraction during CA VH according to formulas described by Lauer et al. [3]. 

Data are given as mean±SEM. Student's t-test for unpaired samples and 
analysis of variance were used for comparison of the mean values. 

Results 

From June 1985 to June 1998,98 critically ill infants and children with a mean 
age of 3.5±0.5 years and a mean body weight of 14.9± 1.8 kg underwent contin
uous arteriovenous or venovenous renal support at the paediatric ICU of the 
Children's Hospital, University of Graz, Austria. The demographic data of the 
patients are given in Table 3. Twenty-five percent of the patients developed acute 
renal failure (ARF) after open heart surgery, 32% had severe sepsis, and only 
12% a primary renal disease. Eighty-nine percent were on mechanical ventila
tion and 86% needed vasopressor support. The majority of the patients was on 
parenteral nutrition with a protein and caloric intake of 1.25 to 2.0 g/kg per day 
and 50-80 kcallkg per day, respectively. Indications for continuous extracorpo
real renal support were: acute renal failure, multiple organ system failure, di
uretic resistant hypervolemia, metabolic crisis in inborn errors of metabolism, 
and low cardiac output. 
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Table 3. Clinical features of critically ill infants and children with continuous renal replace
ment therapy (n==98; mean±SEM) 

CAVH (n=45) CVVH (n=S4) 

• Age (years) 3.2±0.8 3.8±0.7 
• BW (kg) 13.8±2.7 15.9±2.4 
• Sex ratio (M/F) 29/16 36/18 

• Diagnosis 
-ARF 5 9 
-LCO 16 10 
-MOSF 17 30 
- Hypervolemia 4 
- Metabolic crisis 3 4 

• Mean arterial pressure (mmHg) 57.9±3.3 56.6±2.3 
• Survival rate (%) 60 55 
• Duration of CRRT (h) 120±21 147±20 

CAVH, continuous arteriovenous hemofiltration; CWH, continuous venovenous hemofil
tration; BW, body weight; M, male; F, female; ARF, acute renal failure; LCD, low cardiac out
put; MOSF, multiple organ system failure; CRRT, continuous renal replacement therapy 

Continuous arteriovenous hemofiltration 

Nineteen neonates, six infants, II toddlers, and eight children were treated with 
CAVH. Operational data during CAVH are given in Table 4. Mean duration of 
CAVH was 120±21.7 h/patient, ranging from 12 to 720 h. The mean blood flow 
rates during CAVH ranged from 7±1.2 mllmin (neonates) to 61±11 mllmin 
(children) and produced ultrafiltration rates ranging from 3.6±0.6 (neonates) to 
6.6±1.l mllmin per square meter (children). The mean hemofilter running time 
during CAVH was 26.8±2.6 h. The pre-CAVH serum creatinine and urea levels 
were 2.9±0.4 and 123±llmgldl, the post-CAVH levels were 2.3±O.2 and l05±6.1 
mgldl, respectively. CAVH was well tolerated by all patients. Frequent clotting of 
the hemofilter was observed in three neonates with rather low blood flow. Local 
bleeding at the catheter entrance site was observed in four patients and severe 
bleeding in two patients. Femoral artery cannulation resulted in transient is
chemia of the leg in two neonates. A femoral artery thrombosis necessitated sur-

Table 4. Blood flow and ultrafiltration rates during CAVH in pediatric patients (n=44) 

n Qb Qf HF Survival 
(mllmin) (ml/min/m2) exchange (h) rate (%) 

Neonates 19 7.2±1.2 3.6±0.6 26.8±2.6 58 
Infants 6 12.7±3.2 3.1±1.O 23.4±4.1 80 
Toddlers 11 23.7±5.4 4.9±1.2 24.4±2.9 73 
Children 8 61±11 6.6±1.l 28.6±2.3 37.5 

Qb, blood flow; Qf, ultrafiltration rate; HF, hemofilter; CAVH, continuous arteriovenous he
mofiltration 



260 G. Zobel et al. 

Table 5. Blood flow and ultrafiltration rates during CVVH in pediatric patients (n=54) 

n Qb Qf HF Survival 
(ml/min) (mllmin/m2) exchange (h) rate (%) 

Neonates 12 22±1.6 1O±2.3 57.8±14.1 66 
Infants 8 27±4.4 7.5±1.5 66±19 50 
Toddlers 19 32±4.2 8.6±1.4 49±5.8 58 
Children 15 78±8.9 12±1.l 45±2.2 44 

Qb, blood flow; Qf, ultrafiltration rate; HF, hemofilter; CWH, continuous venovenous he
mofiltration 

gical revision after 12 days of CAVH in a 1.5-year-old child. The survival rate in 
neonates, infants, toddlers, and children treated with CAVH was 58%, 80%, 
73%, and 37.5%, respectively. 

Continuous venovenous hemofiltration 

Fifty-four patients were treated with pump-driven hemofiltration. As shown in 
Table 5 the blood flow and ultrafiltration rates were significantly higher in all age 
groups during CVVH than during CAVH. The mean hemofilter running time 
during CVVH ranged from 45±2 to 66± 19 h. The pre-CVVH serum creatinine 
and urea levels were 2.3±0.2 and 117±10mg/dl; the post-CAVH levels were 
1.8±0.2 and 96±6.6 mg/dl, respectively. A slight fall in the blood pressure was 
observed immediately after starting CVVH in patients with severely compro
mized heart circulation. Blood pressure usually returned to the baseline value 
within the next 5 min. Complications included partial thrombosis of the vena 
cava superior or inferior in three patients, hemothorax in one and severe in
tracranial bleeding in one patient. The survival rate in neonates, infants, tod
dlers, and children treated with CAVH was 66%, 50%, 58%, and 44%, respec
tively. 

Hemodiafiltration 

Table 6 shows the ultrafiltration, urea, and creatinine clearance rates during ven
ovenous hemofiltration and hemodiafiltration using the Miniflow 10 filter in ten 
neonates/infants. The mean ultrafiltration rates during CVVH were 1.1±0.1 
mllmin. Adding a dialysate solution at a rate of 5 mllmin in a countercurrent 
fashion to blood flow resulted in a significant increase in urea and creatinine 
clearance with only a minimal change in the ultrafiltration rates. 

Six infants were treated with CAVH and continuous arteriovenous hemodi
afiltration (CAVHDF) using the Amicon Minifilter and Minifilter plus. During 
CAVHDF the mean ultrafiltration rates decreased slightly, whereas urea clear
ances increased significantly by 247% in the Minifilter and by 243% in the 
Minifilter plus. Simultaneously, the serum urea and creatinine levels fell by 35% 
and 36%, respectively. 

Figure 2 shows the course of serum potassium, urea, and uric acid in a child 
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Table 6. Operational data during CVVH and CVVHDF using the Hospal Miniflow 10 in ten 
neonates/infants 

CVVH CVVHDF p-value 

Qb (mUmin) 20±1.4 19.4±1.3 n.s. 
Qf (mUmin) 1.l±0.1 l.02±0.1 n.s. 
Urea-clearance (mllmin) 1.13±0.13 4.3±0.IS <0.01 
Creatinine-clearance (mUmin) l.OS±O.1 4.2±0.16 <0.01 
MAP (mmHg) 56±2.7 57±l.9 n.s. 

Qb, blood flow; Qf, ultrafiltration rate; Qd, dialysate flow; MAP, mean arterial pressure; 
CWH, continudes venovenous hemofiltration; CWHDF, continuous venovenous hemodi
afiltration 

with leukemia and tumor lysis syndrome, resulting in oliguria, azotemia, hyper
kalemia and extremely high serum uric acid levels. High volume pump-driven 
hemodiafiltration enabled rapid normalization of these serum parameters and 
urinary output revovered within 48 h. 
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Fig. 2. The course of serum potassium, urea, and uric acid in a 3-year-old child with leukemia 
and tumor lysis syndrome. CWHDF, continuous venovenous hemodiafiltration; Qb, blood 
flow; Qf, ultrafiltration rate; Qd, dialysate flow rate 

Slow continuous ultrafiltration 

SCU is a form of CAVH/CVVH not associated with fluid replacement. We 
used this technique in 26 infants and children with postoperative low cardiac 
output and severe hypervolemia unresponsive to conventional treatment. Dur
ing slow and continuous fluid removal, the haemodynamics improved tran
sientlyor permanently in all but four patients. The mean arterial pressure in-
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Fig. 3. Hemodynamics pre- and post hemofiltration in infants and children with severe low 
cardiac output after open heart surgery. CVP, central venous pressure; LAP, left atrial pres
sure; MAP, mean arterial pressure; HF, hemofiltration 
*p<O.Ol 

creased from 41.8±1.4 (pre-SCU) to 55.4±2.8 mmHg (post-SCU) (p<O.Ol) 
while CVP and LAP decreased significantly from 16.1 ±0.8 to 11.2±0.7 mmHg 
(p<O.Ol) and from 14.9±0.7 to 1O.1±0.8 mmHg (p<O.Ol), respectively (Fig. 3). 
In addition, there was a significant increase in oxygenation, and the cate
cholamine infusion rates could be significantly reduced during the constant 
fluid removal. 

Clinical advances in CRRT 

Nowadays, CRRT is the method of choice to maintain adequate metabolic con
trol in critically ill anuric adult and paediatric patients [20-24]. The major de
terminants for ultrafiltrate production are the surface area and the permeability 
of the hemofilter membrane and the transmembrane pressure across the he
mofilter membrane. The transmembrane pressure depends on the blood flow 
through the hemofilter device, the colloidosmotic pressure, and the negative 
pressure on the ultrafiltrate side of the hemofilter created by the distance be
tween the hemofilter and the ultrafiltrate collection bag. The blood flow during 
CAVH depends on the arteriovenous pressure gradient, length and diameter of 
blood lines and catheters, and blood viscosity. The advantages of spontaneous 
CAVH are its simplicity and safety. It allows good control of fluid overload and 
metabolic imbalances and provides haemodynamic stability. In addition, it al
lows adequate nutrition and unlimited medication. The risks are bleeding and 
thrombosis. A disadvantage is its rather low urea clearance, insufficient to con
trol azotemia in hypercatabolic states [25]. 

In order to improve urea clearance in critically ill patients with multiple or
gan system failure, CAVHDF and CVVH have recently been introduced [26,27]. 
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In 1984, Geronemus and Schneider reported that CAVHDF might represent an 
alternative treatment of acute renal failure in critically ill patients [13]. Using 
high permeability membranes and a dialysate flow of 16.6 mllmin, urea clear
ances up to 16.6 mllmin were achieved. During CHDF, the dialysate solution 
passes on the ultrafiltrate side of the filter countercurrent to blood flow. Thus, 
diffusion of solutes is added to convective transport and ultrafiltration. The ul
trafiltration rates of CAVHDF permit administration of hyperalimentation so
lutions as well as fluid removal in hypervolemic patients. CAVHDF has the ad
vantages of CAVH in terms of simplicity and sufficient removal of excess plasma 
water and has the capability of increased solute removal. Rapid volume and os
molar shifts are avoided and haemodynamic stability is provided. Recently, 
CAVH combined with dialysis has been increasingly used in critically ill adult 
patients to control azotemia and to provide full nutritional support [28-30]. 
Bischof et al used continuous hemodiafiltration in four children with acute renal 
failure and contraindications to hemodialysis or peritoneal dialysis [31]. This 
treatment mode allowed excellent metabolic control without negative effects on 
the haemodynamics. In one patient with tumor lysis syndrome CVVH was un
able to correct electrolyte disturbances. Initiation of CVVHDF resulted in cor
rection of electrolyte abnormalities and azotemia. 

Recently, Gouyon et al reported urea clearance rates during CAVH and 
CAVHDF in seven anaesthetized adult rabbits which were given urea infusions 
[32]. For this experiment, a 800 cm2 polysulfone hemofilter was used. Opera
tional parameters were comparable during CAVH and CAVHDF. Urea clearance 
increased by 285% during CAVHD. In contrast to our findings they observed an 
increase in ultrafiltration rates during CAVHDF by 47%. In our experience with 
polysulfone and polyacrilinitrile filters in small infants, urea clearance improved 
substantially during CHDF. The simultaneous decrease in ultrafiltration rates 
might be caused by a pressure increase on the dialysate side, resulting in a lower 
transmembrane pressure. 

CVVH is another extracorporeal renal support system which allows higher 
ultrafiltration rates and urea clearance [5, 18,20]. In 1989, Wendon et al. re
ported that continuous high-volume-pumped venovenous hemofiltration using 
a double-lumen catheter is an effective method of renal support in catabolic 
septic adult patients with multiple organ system failure [27]. Inserting a pump 
into the extracorporeal system means that blood flow and ultrafiltration rates 
are no longer dependent on the patient's blood pressure. 

In 1993 Bellomo et al. published a prospective study on continuous venove
no us hemodiafiltration (CVVHDF) in 60 critically ill patients with acute renal 
failure [33]. The authors concluded that CVVHDF is a very safe approach to re
nal replacement therapy in critically ill patients. It offers excellent azotemia con
trol and is associated with comparatively favorable outcome. 

In a recent study Bellomo et al. compared CAVHDF and CVVHDF in criti
cally ill adult patients [34]. Whereas ultrafiltration rates were significantly high
er during the venovenous approach, there was no statistically significant differ
ence in urea and creatinine clearances. The authors noticed a substantial de-
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crease in the number of access-related complications and concluded that 
CVVHDF may be the treatment of choice for extracorporeal renal support in 
critically ill patients. In addition, Bellomo et al demonstrated that CVVH with 
dialysis can remove both TNF-a and IL-l~ from the circulation of septic pa
tients [35]. However, the role of inflammatory mediator removal in critically ill 
patients with multiple organ system failure by CRRT has to be demonstrated in 
the future. 

In our experience blood flow and ultrafiltration rates are significantly higher 
during pump-driven hemofiltration and hemofilter running time is significant
ly longer [18]. However, CVVH is technically more difficult, especially in small 
infants when a double-lumen catheter is used. This problem can be overcome by 
using two single-lumen catheters and placing the suction catheter in the upper 
part of the right atrium to optimize drainage of blood into the extracorporeal 
device. 

Recently, Fleming et al. reported that arteriovenous or venovenous hemofil
tration offers significant advantages over peritoneal dialysis in paediatric pa
tients after open heart surgery in terms of fluid removal, nutritional support, 
and control of azotemia [36]. 

Myocardial damage and a large fluid load during cardiopulmonary bypass 
may result in low cardiac output with increased blood volume and pulmonary 
edema. Low cardiac output causes renal hypoperfusion with fluid and sodium 
retention. When the kidneys become resistant to diuretics, gross edema forma
tion necessitates extracorporeal fluid removal. Slow continuous ultrafiltration 
allows exact fluid titration to find the optimal filling pressures for best myocar
dial performance. It improves pulmonary gas exchange and fluid and metabolic 
balances, resulting in better myocardial performance. 

In conclusion, continuous hemofiltration either driven in the arteriove
nous or venovenous mode is an effective method of renal support in critical
ly ill infants and children. Both methods allow good control of fluid, elec
trolyte, and acid-base balances. CAVH requires arterial cannulation and the 
procedure is blood pressure dependent, resulting in lower ultrafiltration rates 
and shorter hemofilter running time. The pump-driven mode allows con
stant blood flow and ultrafiltration rates with excellent control of azotemia 
even in hypercatabolic states. The use of a pump makes the procedure more 
complex, but it can be carried out in every paediatric ICU without dialysis
trained staff. The use of CAVHDF substantially increases urea clearances 
while maintaining the simplicity and safety of the CAVH system. CVVHDF 
permits the highest urea clearance rates and is indicated in emergency condi
tions such as severe tumor lysis syndrome or severe metabolic crisis due to an 
inborn error of metabolism. All techniques allow adequate nutrition and un
limited medication. 
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Chapter 27 

Early diagnosis and treatment of 
life-threatening bacterial infections in neonates 
and critically ill children 

J. FISCHER 

In an ideal world specific drugs would effectively kill bacteria without side ef
fects and any risk of selecting resistant strains. These drugs could safely be ad
ministered until the patient fully recovers. Bedside tests performed in any symp
tomatic patient would detect the presence of bacterial infections with the accu
racy of HIV testing. 

Unfortunately, reality is different. Antimicrobial-resistant microorganisms 
rapidly emerge and disseminate in hospitals worldwide [1]. Overuse of antibi
otics adds selective pressure in microorganisms. The presence of resistant strains 
in intensive care units forces physicians to administer increasingly potent an
timicrobial agents as primary "rule out" therapy. These drugs bear the risk of 
side effects and further increase the selective pressure in microorganisms [2]. In
appropriate hand disinfection at times of high workload remain an important 
source of bacterial translocation between patients [3]. 

Early diagnosis is difficult, too. Some of the widely used laboratory indicators 
of infection rise with considerable delay compared to the onset of clinical symp
toms [4]. White blood cell count, differential or plasma levels of C-reactive pro
tein that successfully differentiate between bacterial infection and other causes 
of illness in the outpatient setting [5] fail to sustain adequate diagnostic power 
in paediatric intensive care units. The results of blood cultures usually do not 
become available until many hours after clinical decisions had to be made. With 
the small sampling volumes in premature infants and neonates the rate of false
negative cultures is high [6]. 

Clinical signs lack the desirable sensitivity and specificity to discriminate be
tween infected and uninfected patients. Fever is an all too common symptom, 
occurring repetitively in most paediatric intensive care patients [7]. In prema
ture infants and neonates symptoms such as tachypnoea, tachycardia, increased 
gastric residuum, or apnoea may herald the onset of serious nosocomial infec
tion but there is usually a less alarming explanation [8,9]. The cumulative inci
dence for a systemic inflammatory response syndrome (SIRS) exceeds 60% in 
multidisciplinary paediatric ICUs. The incidence of bacterial infection is con
siderably lower [7]. 

The high risks associated with untreated infection and the lack of accurate 
clinical and laboratory prediction models result in a low threshold for initiating 
empirical antibiotic therapy [10]. To most clinicians, the immediate risks for 
the patient outweigh the long-term disadvantages ofliberal use of antimicrobial 
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treatment [11]. The most promising means of reducing the use of antibiotics 
without impairing the patient's safety is the early cessation of antibiotic therapy 
in patients who do not have a bacterial infection. 

This paper first briefly reviews the epidemiology and pathophysiology of bac
terial infection and then discusses therapeutic and diagnostic strategies. It con
cludes with recommendations for future research. 

Epidemiology 

Bacterial infection remains one of the leading causes of death in neonates and 
children [12]. In industrialized countries the majority of life-threatening bacteri
al infections are acquired while the patients are under medical care [13]. These 
nosocomial infections account for additional morbidity, mortality, and treatment 
costs. Reported nosocomial infection rates vary between 9%0 and 18%0 discharges 
for newborns and 2%0-17%0 discharges for paediatric patients [14]. Bloodstream 
infection and pneumonia are the most frequent causes [15]. In extremely low
birth-weight infants the cumulative incidence of microbiologically documented 
sepsis is higher (250 per 1 000 admissions). Coagulase-negative staphylococci ac
counted for 55% of the isolates. Nosocomial sepsis was the leading cause of death 
beyond the first 3 days of life (17% vs 7% for uninfected neonates). In patients 
who had survived the first 2 weeks the attributable mortality was 45% [16]. 

Despite major advantages in technology, the mortality of septic shock has not 
improved much over the last 20 years. In adults, survivors of sepsis have an in
creased long-term mortality [17]. Similar data are not available for neonates 
and paediatric patients. The risk of infection correlates with length of stay and 
device utilization [12]. Other independent risk factors in neonates are fat infu
sions. Odds ratios between 5.4 and 9.4 have been reported and one study esti
mated that 85% of all nosocomial infections with coagulase-negative staphylo
cocci in newborns were attributable to parenteral fat administration [18-20]. 

Isolated pathogens and resistance patterns differ between regions, sites, and 
patient groups [14]. The majority of infections are caused by gram-positive bac
teria, with coagulase-negative staphylococci and Staphylococcus aureus account
ing for 50%-70% of all positive blood cultures [7, 15, 16]. An increasing pro
portion of both pathogens is resistant to methicillin. While methicillin resis
tance complicates treatment, it appears not to increase mortality [21]. Multire
sistance enterococci are becoming of increasing concern. In addition to their in
trinsic resistance to cephalosporins they are becoming increasingly resistant to 
aminoglycosides and ampicillin, and in US hospitals to vancomycin (17% in a 
recent survey) [22]. With gram-negative sepsis, Escherichia coli and Enterobacter 
species are the most likely isolates. Pseudomonas aeroginosa infections occur par
ticularly in long-term ventilated patients and patients with an impaired host de
fense system. Klebsiella pneumoniae are less so but isolated strains are often mul
ti-resistant. Resistance patterns vary between hospitals. 

Important causes of overwhelming sepsis in otherwise healthy neonates are 
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group B streptococci. Sepsis caused by Neisseria meningitidis has the highest 
mortality of all community acquired infections. The disease may rapidly 
progress to shock with a mortality between 20% and 50%. Other pathogens that 
are associated with infections requiring admission to intensive care in previous
ly healthy infants are Haemophilus injluenzae and Streptococcus pneumoniae. Re
sistance to penicillin is frequent (29% of isolates) but does not affect mortality 
[23]. Fungi account for less than 10% of all bloodstream infections in critically 
ill children and are usually caused by non-resistant Candida species [15]. 

The importance of rigorous adherence to prevention guidelines cannot be 
overemphasized. An important source of transmission in intensive care units re
main insufficiently disinfected hands of the staff [24]. Currently, Canadian and 
central European hospitals report much lower resistance rates than US Ameri
can centers [22]. The available reports suggesting that infections with resistant 
strains do not increase mortality lead to underestimation of the problem. Pa
tients were saved because other antibiotics were available that did the job. How 
easily methicillin-resistant Staphylococcus aureus (MRSA) spread and the global 
nature of the problem of multi-resistance were illustrated by an outbreak of 
MRSA in a Canadian tertiary care hospital. The resistant strain was introduced 
to western Canada by a patient that had previously been hospitalized for 3 
months in India. Shortly after the patient returned to Canada he was admitted to 
a rural hospital. Subsequently the patient was transferred to a hospital in Van
couver and later to another hospital in Winnipeg. Within 6 weeks of the patient's 
arrival in Canada, major outbreaks of MRSA occurred at both tertiary centers. 
Epidemiological typing with a polymerase chain reaction method documented 
the clonal origin of the strain [25]. It is not unusual that resistant strains become 
permanent residents of a unit for as long as a decade [26]. 

Pathophysiology 

Potential pathogens do not readily invade the bloodstream of a healthy human 
organism. Almost impenetrable barriers, potent chemicals such as gastric acid 
and a plethora of immune-competent cells such as alveolar macrophages guard 
the body against potential intruders. When bacteria are dislocated into the 
bloodstream, they are rapidly cleared by phagocytes [27]. This system has with
stood the test of evolution and guaranteed the survival of human species. 

Medical interventions tilt this balance of powers in favor of microorganisms. 
The natural barriers in extremely premature infants are much more vulnerable 
than those in children. Central intravenous lines provide convenient sites for 
colonization, particularly in patients receiving fat infusions [18]. After cardiac 
surgery many patients are subject to prolonged periods of compromised circu
lation with impaired gut perfusion. Inoculation of the patient with pathogens 
from the hospital can be delayed but rarely be avoided. Patients are at risk of fail
ing to clear bacteremia and to permit systemic dissemination of pathogens. 
Shock becomes likely and survival is at stake [28]. 
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A brief review of the events naturally occurring with bacteremia and localized 
infection can help to explain the implications of septic shock. Much of the pre
sent knowledge is derived from research into gram-negative infections. Endo
toxins are lipopolysaccharide protein complexes of the cell walls of gram-nega
tive bacteria. In human blood, they interact with soluble and surface-bound re
ceptors. An important receptor is the CD14 complex on macrophages and neu
trophils. Endotoxins adhere to the surface of endothelial cells [29,30]. Activated 
immune cells and activated endothelial cells rapidly excrete a plethora of in
flammatory mediators and adhesion molecules [31, 32]. 

The sequence of increase in plasma levels of these mediators has been studied 
by many investigators. One study evaluated intravenous administration of 1-4 
ng/kg endotoxin to human volunteers [29,30]. Volunteers developed transient 
fever that peaked 3-5 h after injection. An initial decrease in the number of pe
ripheral neutrophils over the first 2 h was followed by a pronounced neu
trophilia that continued for 24 h. By 1 h after the endotoxin administration plas
ma levels of tumor necrosis factor a (TNFa) and soluble TNF receptor in
creased. Ninety min after the injections plasma levels of interleukin-6 (IL-6) 
and IL-8 began to rise. Shortly thereafter IL-l receptor antagonist, granulocyte 
colony-stimulating factor (G-CSF), and granulocyte-macrophage colony-stimu
lating factor became elevated. Plasma levels of lactoferrin increased at the same 
time, and an enzyme released by activated neutrophils. G-CSF levels correlated 
with the amount of injected endotoxin. The rise of plasma G-CSF was tempo
rally associated with the increased neutrophil and band form count. The ob
served levels (up to 10 000 pg/ml, normal 10-40 pg/ml) peaked at levels compa
rable to those measured after administration of recombinant human G-CSF to 
neutropenic patients [33]. Four hours after the endotoxin challenge, levels of 
soluble E-selectin became elevated, and an adhesion molecule shed from en
dothelial cells. 

At local sites of inflammation the immune response follows a slightly differ
ent pattern. The main feature oflocalized inflammation is massive infiltration of 
neutrophils within 4-8 h after the insult. Interestingly, neutrophils shed L-se
lectin from their surface before infiltrating into the peripheral tissue [34]. This 
adhesion molecule mediates the rolling of neutrophils along vascular endotheli
um. The cellular response is accompanied by an accumulation of inflammatory 
mediators. Among them are interferon-y, IL-6 and IL-8 but surprisingly low 
amounts of TN Fa and interleukin-l~ [34]. Neutrophil infiltration into the tis
sue can be hampered by antibodies to the neutrophil surface antigen CD18 or to 
the vascular cell adhesion molecule-l [35,36]. 

Endotoxin injection elicits systemic inflammatory response syndrome (SIRS), 
in an effort to regulate the pro-inflammatory response, a series of anti-inflam
matory reactions. The latter have been summarized under the new term com
pensating anti-inflammatory response syndrome (CARS) [37]. Other assaults to 
the integrity of the host can lead to a similar sequence of events. The incomplete 
list of causes includes events such as operation, trauma, burns, or cardiopul
monary bypass [38]. When anti-inflammatory responses dominate, the host's 
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ability to clear bacteria from the bloodstream may be suppressed [37,39]. A clin
ician's daily task is to distinguish whether the clinical signs of SIRS (tachypnoea, 
tachycardia, fever) are explained by non infective causes or whether the observed 
symptoms result from a proinflammatory reaction to bacteremia. 

One of the factors contributing to the task is the difficulty to cultivate viable 
bacteria from the bloodstream of patients with suspected sepsis. The lack of a 
gold standard for the diagnosis of sepsis impedes assessment of the true propor
tion of false-negative cultures. In paediatric patients the rate is unknown [40, 
41]. When cultures become positive, the number of colony-forming units per 
milliliter of collected blood is less than 100 and usually between 1 and 10 [6]. 
The total bacterial burden calculated from these figures differs from the amount 
of bacteria required to experimentally induce sepsis by several orders of magni
tude. Thus, circulating viable bacteria represent a minute fraction of the true 
bacterial load. The majority either have adhered to endothelial cells, were ab
sorbed by mononuclear cells, or devitalized by soluble proteins. 

When bacteria adhere to the surface of endothelial cells, the vascular layer it
self becomes the target organ of the defensive efforts [42, 43]. An in vitro study 
incubating various strains of Neisseria meningitidis with endothelial cells and 
human whole blood showed that no damage to the endothelial cells was induced 
by the organisms alone. The degree of endothelial injury was related to the num
ber of neutrophils that adhered to endothelial cells. Neutrophil activation and 
likelihood of adherence depended on the characteristics of the bacterial cell wall 
[44]. However, endothelial injury is not exclusive to septic shock. Other events, 
such as asphyxia or release of mediators, can also impair endothelial function 
[43]. Here, different pathways of sepsis and a nonbacterial systemic immune re
sponse converge to a single pathophysiological disorder leading to multi-organ 
dysfunction syndrome [37]. 

Throughout evolution the instant activation of excessive quantities of neu
trophils was crucial to the host's survival. Once the initial mechanisms failed to 
clear bacteremia, the only chance to defeat the invaders was to take the risk of 
endothelial injury and to escalate the proinflammatory response [37]. Potent 
antibiotics assist the host in eradicating bacteria. This stimulates the conceptu
alization of the attractive strategy of mediating the proinflammatory response 
before endothelial damage occurs. 

Therapeutic strategies 

To date, the quest for the miracle drug that reverts septic shock has been disap
pointing [45]. Based on the hypothesis that checking the proinflammatory im
mune response would curtail septic organ failure, administration of high-dose 
corticosteroids were first advocated. High-dose methylprednisolone was dis
missed by a carefully conducted prospective cohort trial in 1987 [46]. A recent 
meta-analysis confirmed these findings. Other agents followed the same course 
[47-49]. The list contains a wide range from antibodies to TNFcx, to antibodies 
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to IL-l, receptor antagonists to platelet-activating factor or IL-l, and mono
clonal antibodies against endotoxin. Some studies even suggested harmful ef
fects of the treatment [50]. Many authors have pointed to the fact that some of 
the failure may be explained by the delayed diagnosis and application of the 
drug [51]. Endothelial damage may already have occurred at the time the new 
agents were applied. 

A possible solution is to redirect the research effort towards an improved ear
ly diagnosis. The Center for Disease Control defines nosocomial infection as a 
disease that was neither present nor incubating at admission to the hospital. 
This definition includes all infections acquired during birth. With this defini
tion, almost every case of neonatal sepsis and the vast majority of paediatric sep
sis occur in patients under professional care. Even with very virulent pathogens, 
the clinical course takes several hours from the first nonspecific symptoms to 
fully established septic shock. Exceptions are meningococcemia or sepsis in se
verely immune-compromised hosts. A critical review of many cases, however, re
veals that the correct diagnosis is often erroneously dismissed for up to 24 h [9]. 
Early initiation of appropriate empiric therapy is the first step [51]. 

Empiric therapy usually comprises two or three antimicrobial agents until 
culture results make it possible to tailor medication according to the resistance 
pattern. The clinician's reward for effective surveillance is a low incidence of 
septic shock and increased survival [9]. However, such a policy will inevitably re
sult in many cases of unwarranted medication with the aforementioned disad
vantages [24]. An additional problem of unwarranted intravenous antibiotic 
therapy arises in otherwise healthy neonates that often need to be transferred to 
another hospital and be separated from their mother. 

Successful interventions other than early initiation of antibiotic therapy have 
been reported from some uncontrolled studies. In one study an improved sur
vival in neutropenic neonates with sepsis after administration of recombinant 
G-CSF was observed. Patients were compared to a cohort of historical controls 
[52]. Two drugs may improve the outcome from fulminant meningococcemia. 
Fibrinolytic therapy with recombinant tissue plasminogen activator appeared to 
stop the progression of shock and intravascular coagulation [53]. To date, only 
few cases have been reported in the literature. Treatment with antibodies against 
human bactericidal/permeability-increasing protein proved efficacious in a 
phase II trial, and a multicenter phase III trial is now under way [54]. All of these 
strategies await validation by the scrutiny of prospective randomized trials. 

Substantial effort has been directed towards the development of new thera
peutic measures in adult patients. Eventually one of the new strategies will 
prove effective. However, these agents are not cheap. When the monoclonal an
tibody HA-IA was released in Europe, the costs per dose were priced at US$ 
3,000 to 4,000. An estimate for the additional costs per patient with undetected 
nosocomial sepsis and progression to septic shock in our unit amounted to US$ 
15,000, while a US American study accounted the costs as high as US$ 40,000 
[55]. This margin leaves ample scope for expenditure on prevention and early 
diagnosis. 
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The arduous path to an improved early diagnosis 

If nature is unable to discriminate between bacteremia and other noninfective 
causes of SIRS, the search for biological markers that serve this purpose is in 
vain. If, however, the immune system can identify the cause with reasonable ac
curacy, the research task is to identify the molecules mediating the message. A 
successful strategy is to search for mediators that are elevated in sepsis but not in 
other causes of SIRS [56). This requires an evaluation of a cohort of patients 
with shock caused both by sepsis and non-bacterially. Comparing septic patients 
to otherwise healthy ICU inhabitants such as extubated premature infants on 
full enteral nutrition will not produce the answer. Unfortunately, the latter is a 
preferred research strategy in many studies on new parameters for the diagnosis 
of sepsis [57-60). 

These types of case-control studies suffer from an important selection bias. 
The exclusion of ambiguously classified patients results in overestimation of the 
true diagnostic power of the parameter. Such studies underestimate the false
positive rate, propose an erroneously low positivity criterion, and overestimate 
the sensitivity. Not surprisingly, application of the new parameters in clinical 
routine fails to reproduce favorable results. 

Prospective cohort trials tend to be less elusive. Again, the reader is encour
aged to carefully examine the methods section of these papers. Is the population 
that satisfied inclusion criteria comparable? Is the incidence of nonbacterial 
SIRS similar to that encountered in the reader's unit? The answer to this ques
tion is particularly important since nonbacterial SIRS causes elevations which 
are similar to those of bacterial sepsis for many parameters. A high incidence 
rate of SIRS will reduce the diagnostic power of most parameters. 

Another important detail is the exact timing of sample collection. Was the 
sample taken at onset of the first symptoms, many hours later when residents 
and fellows had agreed on a presumptive diagnosis, or hours after the initia
tion of therapy? Obviously, samples collected after initiation of antibiotics of
fer little help to elucidate the potential use in early diagnosis. With the rapid 
progression of sepsis, delayed sampling increases the chance of any marker to 
score as true positive. However, such delayed sampling may be appropriate for 
investigating the potential of new markers to assist in the early termination of 
unwarranted "rule out" therapy. Samples from different times in relation to 
onset of symptoms or therapy should therefore not be lumped together in the 
analysis. 

These variations by study design will inevitably add to the natural variabil
ity by chance. Thus, the true confidence intervals for any measure of diagnos
tic accuracy are presumably wider than calculated by statistical software pack
ages. With these considerations in mind, it is easier to interpret the differing 
results between studies. A good example is plasma levels of procalcitonin. A 
recently published study on the diagnostic properties of pro calcitonin in the 
early diagnosis of sepsis stated a 100% sensitivity and specificity for late onset 
sepsis. Some 23 cases of late-onset sepsis were each matched to 92 noninfect-
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ed NICU patients. The resulting area under the receiver operating character
istic curve is 1.0, indicating a perfect diagnostic tool [58]. In our combined 
neonatal and paediatric ICU we evaluated the same marker in 345 patients 
(unpublished data). The case mix was very different, with a high number of 
infant patients developing a nonbacterial SIRS after cardiac surgery. In this 
population, pro calcitonin performed considerably less well, with a sensitivity 
of 75% and a specificity of 56%. The resulting area under the receiver operat
ing characteristic curve was 0.74, which differs significantly from the neonatal 
study. 

White blood cell count and differentiation were the first parameters suggest
ed for surveillance of patients at risk of infection. Both marked neutropenia and 
marked neutrophilia can be associated with bacterial infection [61]. Frequently, 
the total white blood cell count will remain within the normal range and only a 
marked increase in the band count indicates an increased utilization of neu
trophils. A widely used indicator of severe bacterial infection is the visual in
spection of leukocyte morphology. Several authors have addressed the problem 
to eliminate interpersonal variability in band counts [62]. Furthermore, by the 
very nature of manual counts wide confidence intervals are yielded. The proba
bility of counts from a given sample follows a Poisson distribution: if the true 
band count is 15, the 95% confidence interval of a manual count after inspecting 
100 cells ranges from 8 to 25. 

Throughout Europe surveillance of patients by plasma levels of C-reactive 
protein (CRP) became routine in many units. The delayed rise of this acute 
phase protein (up to 24 h after onset of symptoms) limits the sensitivity as to an 
early diagnosis and has been the cause of many false-negative diagnoses [4]. The 
frequent rise of CRP in patients with SIRS hampers the specificity. In a recent 
study at our multidisciplinary ICU, the area under the receiver operating char
acteristic curve as to the differentiation between sepsis and nonbacterial SIRS 
was 0.65. Currently, the most promising candidate markers to improve early di
agnostic accuracy are plasma levels of IL-6, granulocyte colony-stimulating fac
tor, and procalcitonin [63-68]. Most of the studies reported areas under the 
curve ranging from 0.8 to 0.9. However, to date no study has been published 
comparing these markers in the same cohort of patients. 

The rapid development of microbiological techniques has lowered the costs 
of routine cultures. Cultures of tracheal aspirates, urine, blood, or wound secre
tions are part of routine diagnostic workup in patients with suspected infection. 
Many units use semiquantitative cultures of tracheal aspirates as part of their 
routine measures to control infectious diseases. The interpretation of the results 
remains difficult: Does a negative blood culture in a premature infant with 
shock born to a febrile mother rule out sepsis? Does a high cultural count for 
Klebsiella pneumoniae from a tracheal aspirate in a subfebrile but otherwise 
asymptomatic patient after cardiac surgery rule in pneumonia? 

A promising strategy is to use new markers for early stopping rules of empir
ic antibiotic therapy. Such an approach has been tested for the combination of 
IL-6 and CRP [63,64]. 
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Recommendations for future research 

The goal is to initiate antibiotics in all patients with infection as early as possible 
and to avoid any unwarranted treatment. Several steps must be taken towards 
this goal. First, we must elucidate the epidemiology of antibiotic use in neonatal 
and paediatric ICUs [69]. This will make it possible to identify target areas of 
unwarranted use. Second, we need clinical prediction rules for nosocomial in
fection comparable to those suggested for adult patients [70-72] that alert clini
cians early in the clinical course. Third, we need to define the risk threshold for 
initiation or discontinuation of antibiotic therapy in the various subgroups of 
our patients. Fourth, we need to agree on criteria for the diagnosis of sepsis in 
symptomatic patients in whom blood cultures fail to grow a pathogen. These de
finitions should be comparable to those used in studies of sepsis in adult pa
tients. With this information at hand we are then able to test the ability of new 
diagnostic parameters to assist the decision maker in moving a patient across the 
threshold for initiation or safe discontinuation of antibiotic therapy. These ques
tions are best addressed in prospective cohort trials, preferably multicenter stud
Ies. 

If we improve on early diagnosis and stewardship of antibiotic therapy we 
will arrive at refined guidelines to optimize initiation, selection, dose, and dura
tion of treatment. Prevention of the dissemination of resistant microorganisms 
will reduce the adverse effects on outcome and their associated increase in costs 
of health care [73]. Except for some disorders, such as meningococcemia for 
which additional therapeutic measures are urgently needed, the prevention of 
delayed diagnosis has the largest potential to improve the outcome of critically 
ill patients with bacterial infections. 

Today, we regard those who save a patient from septic shock as heroes and 
those who diagnose sepsis early as good clinicians. The real honor should, how
ever, be given to those who prevent nosocomial infection in the first place [74]. 
Semmelweis introduced rigorous hand disinfection before touching a patient 
150 years ago. This brought about one of the largest-ever reductions in morbid
ity and mortality. Antibiotics are certainly the wrong cure for failures in adher
ing to Semmelweis' procedure. 
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Chapter 28 

Clinical severity scores in neonates 

M. ORZALESI, A. DOTTA, G. SEGANTI 

Neonatal morbidity and mortality rates may vary greatly among countries and, 
within the same country, among different centers. Such rates are often utilized as 
indicators of the quality of care. However, they are also influenced by other vari
ables and/or risk factors unrelated to the type of treatment. It is well known that 
some biological variables (such as birth weight, BW, gestational age, GA, sex, 
etc.) and/or socio-economic variables (such as social class, annual income, 
parental education, etc.) may exert a strong influence on the short- and/or the 
long-term prognosis of newly born infants [1,2]. The variability of the above
mentioned factors and the differences in type and severity of the disease states 
make the newborn infant a very heterogeneous patient. Such heterogeneity per
sists even when considering apparently "homogeneous" groups of babies, such 
as those defined as very low birth weight (VLBW) infants (i.e. with a BW::;1500 
g and/or a GA ::;32 weeks). 

For the evaluation of the quality of care it is necessary to distinguish the vari
ability in outcome related to the diagnostic and/or therapeutic interventions 
from that derived from the intrinsic characteristics of the patients under our 
care (case mix) [3,4]. The so-called clinical severity scores (CSS) have been in
troduced into clinical practice for the identification and classification of homo
geneous groups of patients, with clinical conditions of comparable severity and 
similar expected prognosis or outcome [1, 5-8]. The independent effects of treat
ment on the final expected outcome could then be better evaluated in such ho
mogeneous populations of patients. 

CSS in neonatology 

Initially, CSS have been utilized in the newborn only for single disease entities. 
Such scores, better defined as "specific discriminants", have been useful in guid
ing and evaluating innovative treatments for some common pathological condi
tions: for example, the use of exchange-transfusion and/or phototherapy in 
neonatal jaundice; the application of some forms of mechanical ventilation or 
exogenous surfactant in respiratory distress syndrome (RDS) in preterm infants; 
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and the utilization of extracorporeal membrane oxygenation (ECMO) in in
fants with severe cardio-pulmonary insufficiency. 

The recent literature has seen the introduction and validation of more 
"global" clinical scores which can be applied in the evaluation of more exten
sive and more heterogeneous groups of babies admitted in neonatal intensive 
care units (NICU) (Table 1). These new clinical scores have been derived from 
the experience obtained in adult patients and/or older children requiring in
tensive care. 

In general, such scores are calculated by recording biological, clinical, and 
laboratory variables and then ranking them numerically according to their de
gree of deviation from normality and to their prognostic significance. The fi
nal score represents the algebric sum of the values given to each single vari
able. The higher the numerical value of the total score, the worse the expected 
outcome. 

Some of the clinical scores, such as the Neonatale Therapeutic Intervention 
Scoring System (nTISS), are extremely sophysticated and complex [5,7]. They 
include a high number of variables and can be employed for the sequential eval
uation of the clinical conditions as well as for the evaluation of the intensity of 
care and the use of resources. Other scores, such as the Score for Acute Neonatal 
Physiology (SNAP) and the SNAP-PE (SNAP-perinatal extension), are simpler 
and include a reduced number of variables [1, 5, 6, 8, 9]. They are obtained with
in the first few hours of admission to the hospital (generally within 24 h) and are 
employed essentially for prognostic purposes. 

Among the various scores proposed for the newborn, the so-called CRIB 
(Clinical Risk Index for Babies), based on only six variables obtained within 12 h 
of admission, has gained wide acceptance since it is simple and yet reliable [2, 
8-10]. The six variables included in the score are easly obtainable in any neona
tal unit, which of course facilitates the possibility of comparing the performance 
of different centers [2, 11-14] (Table 2). 

The reduction in the number of variables makes the recording more complete 

Table 1. Clinical severity scores in the newborn 

nTISS Neonatal Therapeutic Intervention Scoring System 
62 variables, points from 0 to 4, on admission and sequential 

SNAP Score for Neonatal Acute Physiology 
26 variables, points from 0 to 5, within 24 h of admission 

SNAP-PE SNAP-Perinatal Extension 
29 variables, as above + 3 perinatal variables, within 24 h of admission 

CRIB Clinical Risk Index for Babies 
6 variables, points from 0 to 7, only VLBW infants, within 12 h of admission 

VLBW, very low birth weight 
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Table 2. Clinical risk index for babies (CRIB) 

Variable 

Birth weight (g) 
• > 1 350 
·851-1350 
• 701-850 
• ~700 

Gestational Age (weeks) 
• >24 
• ~24 

Congenital malformations' 
• None 
• Without acute life risk 
• With acute life risk 

Worse base deficit within first 12 h (mmoIlL)b 
• >-7.0 
• -7.0 to -9.0 
• -10.0 to -14.9 
• ~-15.0 

Appropriate Fi02 - minimal value within first l2 he 
• ~OAO 
• 0041-0.80 
• 0.81-0.90 
• 0.91-1.00 

Appropriate Fi02 - maximal value within first 12 he 
• ~OAO 
• 0041-0.80 
• 0.81-0.90 
• 0.91-1.00 

• With the exclusion of inevitably lethal malformations (i.e., anencephaly) 
b For example 3.0 mmol/L: score 0; 16.0 mmollL: score 3 

Score 

o 

4 
7 

o 

o 
1 
3 

o 
1 
2 
3 

o 
2 
3 
4 

o 

3 
5 

C To obtain a P02 (transcutaneous or arterial) >50 mmHg and/or O2 saturation 
(transcutaneous) >90% 

and the percentage of missing data is greatly reduced [9, 10]. Furthermore, the 
shortening of the initial period of recording (from 24 to 12 h after admission) 
makes the score more "specific" since the variables recorded are less influenced 
by therapeutic interventions and truly reflect the "initial" severity of the clinical 
condition. Notwithstanding its simplicity the CRIB score has demonstrated a 
specificity, sensitivity, and predictive value similar to scores based on a greater 
number of variables. 

The CRIB score has been validated exclusively in VLBW infants (BW~1500 g) 
and only in a limited number of centers or geographic contexts, mainly Anglo
saxons. A recent multicenter study in the Lazio region in Italy has confirmed the 
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validity of the CRIB score in the Italian context as well [16]. This study, per
formed in VLBW infants (BW~1500 g and/or GM32weeks), has shown that in
hospital neonatal mortality increases progressively and significantly with in
creasing CRIB values and has confirmed that the predictive value of the CRIB 
score is significantly better than that of BW or GA alone. The area under the re
ceiving operator curve (ROC) was: for CRIB=0.87 (S.E. 0.02); for BW=0.78 
(SE 0.02); and for GA=0.71 (S.E. 0.03) [16]. 

Practical applications of CRIB 

The CRIB score can be used to compare the performance of different centers or, 
within the same center, different treatment routines (Table 3). 

Indeed, a higher neonatal mortality rate in a given center is not necessarily the 
expression of poor performance and/or low quality of care. It could be entirely 
due to a more severely affected populations of patients: in other words, to a case 
mix with a worse initial prognosis. With the CRIB scores one can adjust the 
mortality according to the initial severity of the patients treated and then make 
a fair comparison of the quality of care using the adjusted rates [16]. 

The CRIB score also allows a better description of the case mix of any given 
center in comparison to that of other centers and/or of the whole geographical 
area where the center is located. 

For example, the mean value of the CRIB score ofVLBW infants admitted to 
our NICU in the past 2 years was 4.54, compared with a mean value of 3.85 for 
the whole region. The percentage ofVLBW infants with a CRIB score ~7 was al
so higher (30.4% vs 22.4%). It is, therefore, no surprise that the in-hospital mor
tality for VLBW infants in our unit was slightly higher than the mean regional 
value (27.4% vs 22.4%). However, when appropriate adjustments were made 

Table 3. Relative risk of death in VLBW infants admitted to seven NICU centers in the Lazio 
region (years 1994-1995): raw risk and risk adjusted according to CRIB score [16] 

Centern. Raw relative risk Centern. 

Ob 1.00 Ob 

1 1.08 4 
2 0.90 5 
3 0.81 6 
4 0.78 3 
5 0.64 
6 0.55e 2 

VLBW, very low birth weight; CRIB, clinical risk index for babies 
a Adjusted for CRIB according to Cox model 
b NICU with the highest number of babies both inborn and outborn 
C Significantly lower than 1 (p<0.05) 

Adjusted relative risk" 

1.00 
0.98 
0.91 
0.79 
0.81 
0.52e 

0.52e 
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according to the CRIB score our mortality was actually slightly lower than the 
regional standard. 

Other authors have demonstrated that the CRIB score can also be utilized in 
a single center or area to monitor the changes in performance and outcome with 
time or following the introduction of new treatments [17]. 

Limitations of the CRIB score 

The CRIB, like other CSS, has some limitations and disadvantages [15, 16, 18, 
19]. The first limitation is related to the subjectivity of some variables utilized, 
for example, the minimal or maximal Fi02 which is necessary to obtain a "good" 
or "appropriate" oxygenation of the baby. The level of oxygenation considered 
"appropriate" may vary from unit to unit and, within the same unit, from doctor 
to doctor and, for the same doctor, from patient to patient. Consequently the 
minimal and/or maximal Fi02 can also vary considerably and be very subjective. 

A second drawback derives from the redundancy of variables included in the 
score. 

For example, BW and GA are, to a certain extent, superimposable as indices of 
maturity and therefore as prognostic discriminants. 

Finally, the CRIB score does not include some variables that have important 
and significant discriminant prognostic value. 

Indeed, in the already mentioned multicenter Italian study for the validation 
of the CRIB score, a total of 13 possibly significant variables were recorded for 
each baby, including those utilized for the CRIB score. When the data were ana
lyzed according to the COX model, only six of the 13 variables were significant-
1y able to discriminate for mortality and only two of the six were among those 
included in the CRIB score [16] (Table 4). 

These data suggest that the association of mortality with some biological 
variables (sex, GA) can be almost entirely accounted for by BW. Also, among 
many variables descriptive of clinical condition on admission, only the 5-min Ap
gar score, blood pH and maximal Fi02 are really significant. Finally, the lack of 
prenatal steroid prophylaxis and the absence ofNICU in the hospital of birth are 
also important risk factors for a poor prognosis. 

These observations emphasize once more the importance of "in utero" trans
port ofVLBW infants within a well-organized regionalization of perinatal care 
and the need for more extensive use of prenatal steroids in women at risk of 
preterm labor and delivery. 

Conclusions 

CSS are useful for the identification of homogeneous neonatal "populations", 
with some homogeneity regarding prognosis, outcome, and resource utilization. 
Furthermore, since they correlate with mortality and, according to one study, al-
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Table 4. Analysis' of determinants of in-hospital neonatal mortality of VLBW infants in a 
mulcenter study of seven NICU of the Lazio region (years 1994-1995)[ 16] 

Apgar score at 5° min. 
• 7-10 
• 4-6 
• 0-3 
• Intubated 

Birth weight (g) 
• ~999 
• 1000-1 499 
• ~1 500 

pH on admission 
• ~7.30 
• 7.20-7.29 
• <7.20 
Unknown 

Place of birth 
• "Inborn" 
• "Outborn" 

Prenatal steroids 
• Yes 
• No 
• Unknown 

Fi02 max. within first 12 h 
• ~0.40 
• 0.41-0.60 
• 0.61-1.00 

Relative risk 

2.19 
1.74 
2.75 

0.38 
0.30 

1.24 
1.50 
3.37 

1.87 

2.01 
1.43 

1.75 
2.38 

95% c.1. 

1.36-3.52 
0.94-3.21 
1.63-4.64 

0.25-0.56 
0.13-0.66 

0.80-1.94 
0.89-2.52 
1.95-5.84 

1.28-2.73 

1.32-3.06 
0.72-2.85 

1.02-2.99 
1.41-4.01 

• The analysis was performed according to the Cox model on the six variables of the CRIB 
score and on the following seven variables chosen for their possible prognostic value: place 
of birth, sex, treatment with prenatal steroids, Apgar score at 5 min, presence of sponta
neous respiration on admission, rectal temperature and pH on admission 

so to long-term morbidity, they could be useful for the evaluation of new diag
nostic and/or therapeutic strategies. They can also be utilized for comparing the 
performance of different centers and for auditing the performance of a single 
NICU [20]. 

There is a good correlation among the different CSS that have been proposed 
and validated in the neonate (SNAP, SNAP-PE, CRIB). However, since the CRIB 
score is equally reliable and much simpler, it is preferred in clinical practice. 

The discriminant power of the CRIB score may be further improved by an in
tegration with some other variables presently not included that are strongly as
sociated with the risk of mortality in VLBW infants. 

The problem of CSS in the neonate is still being investigated and evolving 
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rapidly. Further studies are needed for the identification and validation of an 
optimal CSS that could possibly be used also in groups of babies other than 
VLBW infants [9,10,14,16,18-20]. 
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Chapter 29 

Epidemiology and management of sepsis 
in neonates 

B. URLESBERGER, B. RESCH, E. GRADNITZER, W. MULLER 

Epidemiology 

Introduction 

The term neonatal sepsis refers to invasive bacterial infections that involve pri
marily the bloodstream in infants during the first month of life. As a "compro
mised host", the neonate does not localize infections well. Two patterns of dis
ease have been associated with systemic bacterial infections: early-onset and 
late-onset sepsis. Early-onset disease presents as a fulminant, multisystemic ill
ness within the first 96 h of life; it is associated with a high mortality rate (15%-
50%). Whereas late-onset sepsis, occurring later than 4 days of postnatal age, 
usually presents as a slowly progressive illness with focal infection (most often 
meningitis), it is associated with a lower mortality rate (10%-20%) [1]. Some or
ganisms, such as Escherichia coli, group B Streptococcus, and Listeria monocyto
genes, may be responsible for both early-onset and late-onset sepsis, whereas 
others, such as Staphylococcus aureus and Pseudomonas aeruginosa, are usually 
only associated with late-onset disease. 

The incidence of neonatal sepsis varies from 1 to 10 cases per 1 000 live births. 
The incidence and mortality of neonatal sepsis at the Graz Neonatal Intensive 
Care Unit (NICU) in the last 10 years is shown in Table 1. Spreading from the 
bloodstream to the meninges is frequent during the first month of life, occurring 
in 25%-30% of cases [1]. 

There are two principal sources of newborn infection: the mother and the 
nursery environment. Infection may be acquired from the mother in utero, dur
ing delivery, or in the postnatal period. Infections manifesting in the first week 

Table 1. Total number of all admitted infants and number of infants with neonatal sepsis. 
Data represent sepsis with positive culture and clinical sepsis (Graz NICU, from 1988 to 1997) 

Infants Total admitted Sepsis Incidence Mortality 
0/0 0/0 

<1500g 514 102 19.8 23 
1500-2500g 863 117 13.6 11 
>2500g 1981 200 10 6 
Total 3364 423 12.6 12 
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of life are usually due to microorganisms of maternal origin; infections present
ing later can have a maternal or environmental source (Le., nursery personnel, 
respiratory equipment, or indwelling lines). 

Pathogenesis 

The developing fetus is quite well protected from the microbial flora of the 
mother. Initial colonization in the neonate usually takes place after rupture of 
the maternal membranes. In most cases the infant is infected from the microflo
ra of the birth canal during delivery. If delivery is delayed, however, vaginal bac
teria may ascend and produce inflammation of the fetal membranes, umbilical 
cord, and placenta. Fetal infection may then result from aspiration of infected 
amniotic fluid. Nevertheless, transplacental hematogenous infection during or 
shortly before delivery is possible, too. Microorganisms acquired by the infant 
during birth colonize in the skin and mucosa, including nasopharynx, orophar
ynx, and conjunctivae. Transient bacteremia may accompany procedures that 
traumatize mucosal membranes, such as endotracheal suctioning. Metastatic fo
ci of infection may follow bacteriemia and may involve the lungs, kidneys, 
spleen, bones, and central nervous system. Microbial factors, such as inoculum 
size and virulence of the organism, are undoubtedly significant. Fetal hypoxia 
and acidosis may impede certain host defense mechanisms or allow localization 
of organisms in necrotic tissue. 

Bacteriology 

The pattern of bacterial pathogens responsible for neonatal sepsis has changed over 
time. In the United States, gram-positive cocci were the most common pathogens 
before introduction of antibiotics. This predominance shifted to gram-negative en
teric bacilli after antimicrobial agents came into common use. In the years 1950-
1960, Staphylococcus aureus and Escherichia coli were the most common organisms 
isolated. Since the late 1960s a predominance of group B streptococci has devel
oped, followed by E.coli and Staphylococcus epidermidis [1,2] (Table 2). 

Table 2. Most common bacteria isolated in neonatal sepsis and meningitis since 1980 [1,2) 
and own data from 1988 to 1997 (162 patients with positive blood culture) 

Isolate Sepsis Meningitis Own data (sepsis) 
max % max % % 

Group B streptococcus 34 52 54 
Escherichia coli 17 47 2 
Staphylococcus epidermidis 14 4 25 
Klebsiella-Enterobacter species 9 12 4 
Staphylococcus aureus 19 16 5 
Enterococcus species 8 12 4 
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Group B streptococci (GBS) have been isolated from the genital or lower gas
trointestinal tract cultures or both of 5%-41 % of pregnant women [3]. Regard
less of whether the genital or gastrointestinal mucosa is the primary site for GBS 
colonization in women, it is well documented that the presence of GBS in the 
maternal genital tract at delivery is a significant determinant of infection in the 
neonate, whether asymptomatic, as occurs in the majority, or symptomatic (sep
sis, pneumonia, or meningitis). The risk of neonates acquiring GBS infection by 
a vertical route has been directly correlated to the intensity of maternal genital 
infection (inoculum size). Because sepsis develops in only one of 50 to 100 col
onized infants, identification of the carrier mother is not a reliable predictor of 
neonatal sepsis. The attack rates for GBS early-onset sepsis varied from 0.7 to 3.7 
per 1000 live births, whereas the attack rates for GBS late-onset sepsis ranged 
from 0.5 to 1.8 per 1000 [3]. 

Similar rates of colonization and disease have been reported for Kl E.coli, the 
strains of E.coli most often associated with neonatal sepsis and meningitis. Sim
ilar to GBS, E.coli infection may result in early-onset as well as late-onset sepsis. 

Further important pathogens for neonatal sepsis are S.aureus and S.epider
midis. Most episodes of sepsis due to S.aureus are hospital acquired, with low 
birth weight as the most important risk factor. The apparent increased incidence 
in S.epidermidis sepsis has been associated with increased survival of very small, 
premature infants with immature immune systems and with the increase in in
vasive procedures, including the long-term vascular access devices used in 
neonatal intensive care. S.epidermidis can adhere to and grow on the surface of 
the synthetic polymers used for catheters. Various strains may produce a mucoid 
substance that stimulates adherence of micro colonies to various surfaces. In ad
dition to an adhesive function, this mucoid substance may protect staphylococ
ci against antibiotics. 

The incidence of neonatal sepsis caused by anaerobic bacteria remains uncer
tain, but data are available from some surveys: the proportion of bacterial sepsis 
related to anaerobes was 7.5%-23% [4,5]. 

The pathogens associated with neonatal sepsis also vary geographically. In 
the United States the pattern is similar to that in western Europe, as described 
above. In Latin American countries, however, gram-negative enteric bacilli are 
the most commonly isolated microorganisms, and GBS is rare. 

Risk factors 

Many studies have demonstrated that infants who develop sepsis, particularly 
early-onset disease, usually have a history of one or more significant risk factors 
associated with the pregnancy and delivery. 

Obstetric risk factors 

Many maternal factors may influence the development of systemic bacterial in
fection. Among these are prolonged rupture of membranes, maternal fever dur-
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ing delivery, and colonization of the maternal lower genital tract with either 
subclinical or clinical infection. Myriad aerobic and anaerobic bacteria, my
coplasmas, chlamydiae, fungi, viruses, and protozoa can be found in the mater
nal genital tract. Some of these organisms pose little threat to the newborn in
fant, and others are infrequent causes of neonatal disease. Much research has 
been conducted on GBS colonization in pregnant women, because this group of 
organisms has most often been associated with neonatal septicemia in Europe and 
the United States of America since the 1970s. In several studies GBS have been iso
lated from genital or lower gastrointestinal tract cultures or both of 5%-40% of 
pregnant women [3]. Colonization during the third trimester without any com
plications of pregnancy carries a risk of infection of the newborn of about 1 %. 
This risk is increased, however, if colonization is associated with prematurity, 
maternal fever, or prolonged rupture of membranes. 

In several reports, the incidence of prolonged rupture of membranes has ranged 
from 4%-7% of total deliveries [6]. In addition to being a possible cause of prema
ture labor, subclinical infection may be a cause of prolonged rupture of mem
branes. Acute inflammation of the placental membranes is twice as common when 
membranes rupture within 4 h before labor than when they rupture after onset of 
labor [6]. The risk of neonatal infection is increased fourfold in association with 
coexistence of prolonged rupture of membranes and chorioamnionitis [7]. 

Among the peripartum risk factors are untreated or incompletely treated focal 
infections of the mother, such as urinary tract, vaginal, or cervical infections, as 
well as systemic infections, such as maternal septicemia, and maternal fever with
out a focus. Another peripartum risk factor is the use of fetal scalp electrodes. 

Furthermore, there are some diffuse factors. Among these are socioeconomic 
factors, race, and geographic factors. 

Neonatal risk factors 

The factor associated most significantly with bacterial sepsis and meningitis is 
low birth weight. The smaller the infant at birth, the higher the incidence of sep
sis. The smallest infants (weighing 1000-1500 g) have a sepsis rate almost twice 
as high as that oflarger infants (1500-200 g), and almost eight times that of infants 
weighing 2000 g or more [1]. Infants with a birth weight ofless than 1000 g who 
survived the problems of the first 5 days of intensive care treatment often died of 
late-onset sepsis, so late-onset infection has been an important factor in late 
mortality of the smallest infants. Furthermore, severely depressed respiratory 
function requiring intubation and resuscitation increases the risk for neonatal 
sepsis [8]. Prolonged rupture of membranes associated with perinatal asphyxia 
increases the risk for neonatal sepsis [7]. Fetal hypoxia and acidosis may impede 
certain host defense mechanisms or allow localization of organisms in necrotic 
tissue. Neonates with galactosemia are at risk of developing neonatal sepsis 
caused by gram-negative enteric bacilli [9], probably as a consequence of im
paired neutrophilic function caused by elevated galactose concentrations. 

Susceptibility to infection is also increased in the neonate with: a) a defect in 
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host defenses, including immunologic deficits; b) absence of viscera related to 
defense against infection (i.e., congenital asplenia); c) defects of integrity of the 
skin or mucosa. 

Other risk factors 

Newborn infants in intensive care units show a high rate of sepsis. As these cen
ters care for a selected group of very sick infants, organisms may be transferred 
from infant to infant by the hands of the nursery personnel. Factors that may in
crease nosocomial neonatal infection include the presence of foreign materials 
such as endotracheal tubes, indwelling arterial and venous lines, and ventricu
loperitoneal shunts, previous antimicrobal use, prolonged hospitalization, and a 
high infant-to-nurse ratio in the NICU. Furthermore, contaminated parenteral 
fluids and oral formula as well as the frequent use of lipid emulsions have been 
associated with systemic infections. Regular parenteral nutrition with lipid 
emulsion, administered through a venous catheter with organisms adherent to 
the catheter, provides nutrients for the growth of bacteria with subsequent inva
sion of the bloodstream. 

Management 

Diagnosis 

Clinical manifestations 

The neonate who presents with signs of infection should be promptly examined. 
The initial signs may be minimal and are often nonspecific. Temperature insta
bility (hyperthermia more common than hypothermia) occurs in two thirds of 
infants with sepsis [1, 10]. Respiratory distress (apnea, cyanosis, tachypnea, grunt
ing, flaring, and retractions) occurs in one-half of-infants with sepsis. Feeding 
intolerance (anorexia, vomiting, ileus, or abdominal distension) is often associ
ated with neonatal sepsis. Glucoregulation is altered during sepsis in newborn 
infants, and so the development of lactic acidosis and increased glucose require
ments may be eady markers of sepsis [11]. Seizures, hepatomegaly, and jaundice 
have also been associated with neonatal sepsis. 

Cultures 

Prior to administration of antibiotics, appropriate cultures must be obtained 
from the neonate. A positive blood culture is extremely important for the defin
itive diagnosis of neonatal sepsis. The optimal number of blood cultures and 
volume of blood per culture has not been established for neonates; however, 
minimum of O.S ml of blood per bottle is recommended [12]. It is important to 
know that blood cultures can be sterile in about 20% of infants with sepsis [13]. 
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Analysis of the cerebrospinal fluid (eSF) is an important part of the evaluation 
for sepsis. This procedure may be postponed if the infant is haemodynamically un
stable or demonstrates thrombocytopenia. The potential risks of a lumbar punc
ture, especially in preterm infants less than 24 h of age without historical risk fac
tors, clinical signs, or positive blood cultures, may exceed the diagnostic benefit of 
the procedure. eSF should be examined in the laboratory for cell count, differen
tial cell analysis, and chemical analysis, as well as for gram stain and culture [14]. 

Urine should be obtained in a sterile manner. Urine cultures may be positive 
in infants with sepsis in the absence of primary urinary tract infection, but gen
erally the yield for positive urine cultures is low. It is imperative, however, that 
urine culture is obtained in all infants for late-onset disease [15]. 

Antigen tests 

Latex particle agglutination (LPA) is the most commonly reported rapid im
munologic assay for the detection ofGBS [16]. It can be used to detect GBS anti
gen in blood and eSF, although concentrated urine is the specimen of choice. 
The sensitivity, specificity, positive predictive accuracy, and negative predictive 
accuracy have been reported to be 88%, 98%, 79%, and 99%, respectively [17]; 
however, several studies have demonstrated high false-positive rates for urine 
LPA test [18]. Due to the high false-positive rate, asymptomatic infants should 
not be screened for sepsis with LPA in the setting of maternal colonization and 
pretreatment with antibiotics. 

Hematologic tests 

A complete blood count with differential cell analysis is the cornerstone in the de
tection of sepsis in most neonatal wards. Leukocytosis or leukopenia, defined as 
more than 30 000/mm3 and fewer than 9 OOO/mm\ respectively, within the first 24 
h of life were initially thought to be reliable indicators of infection, but now are 
known to be insensitive and nonspecific [19, 20]. Manroe et al. [20] established ref
erence ranges for the absolute total neutrophil count (ATN), total immature neu
trophil count, and the ratio of immature to total neutrophils (liT) for neonates. Of 
these neutrophil indices, the liT ratio is the single most sensitive and specific indi
cator of bacterial infection in neonates. The maximal liT ratio in uninfected term 
infants is 0.16 in the first 24 h, decreasing to 0.12 by 60 h postnatal age. The upper 
limit for healthy neonates of 32 weeks gestation or less is slightly higher, at 0.2. 

In 10%-60%, platelet counts ofless than 100 000/mm3 were observed during 
neonatal sepsis. The duration of thrombocytopenia was about 1 week and may 
last as long as 3 weeks [21]. 

Acute-phase reactants 

Acute-phase reactants are nonspecific, primitive proteins produced by he
patocytes in response to cellular degeneration, infection, and trauma. Un-
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fortunately, acute-phase reactants do not distinguish between infectious 
and noninfectious causes of inflammation. There are many different acute
phase reactants, including C-reactive protein (CRP), fibrinogen, C3 com
plement, ai-acid glycoprotein, ai-antitrypsin, orosomucoid, transferrin, 
prealbumin, ceruloplasmin, and elastase a)-proteinase inhibitor. CRP is the 
most common acute-phase reactant used in clinical practice. It is a globulin 
so named because it forms a precipitate in the presence of the C-polysac
charide of S.pneumoniae. Its function is not entirely clear, but it is thought 
to be a carrier protein involved in removing potentially toxic material. 
There is minimal, if any, transplacental passage of maternal CRP, and con
centrations are unaffected by gestational age. An increasing CRP value is 
usually detectable within 6 to 18 h, and the peak CRP is seen at 8-60 h after 
onset of inflammation. CRP is significantly elevated at the time of the ini
tial evaluation in 50%-90% of infants with systemic bacterial infections. 
Pourcyrous et al. [22] showed that serial determinations of CRP at 12-h in
tervals after the onset of clinical signs of sepsis increased the sensitivity of 
CRP in detecting sepsis. This illustrates well one disadvantage of CRP: it re
quires some time before it can be detected. Another disadvantage is the low 
specifity of the test, since elevated CRP levels can be observed after birth as
phyxia or noninfectious processes such as meconium aspiration pneumoni
tis. 

Cytokines 

Although cytokine kinetics have not been thoroughly investigated in neonates, it 
is felt by many that measuring cytokine concentrations can be helpful in early 
diagnosis of neonatal sepsis. Girardin et al. [23] found elevated levels of serum 
tumor necrosis factor (TNF-a) in eight of nine infants with systemic infection, 
wheFeas only one of 60 noninfected infants had an elevated value. Buck et al. 
[24] evaluated prospectively the use of interleukin-6 (IL-6) and CRP measure
ments in the diagnosis of sepsis in 222 neonates. Elevated IL-6 concentrations 
were observed in 73% of newborns with culture-positive infection and in 87% 
of infants with a clinical diagnosis of sepsis but negative cultures. 

Procalcitonin 

Procalcitonin (PCT), which is the key precursor of calcitonin, has been reported 
to be a specific marker of bacterial infections. Gendrel et al. [25] showed that 
procalcitonin levels were significantly higher in nonpremature neonates with 
sepsis than in uninfected symptomatic neonates and healthy newborns. Chiesa 
et al. [26] conducted a prospective study on the reliability of PCT serum con
centrations for the diagnosis of early- and late-onset sepsis. They showed that 
PCT had a sensitivity of 86% in the initial test and of lOO% in the next one. They 
concluded that PCT might be a promising marker for diagnosis of neonatal sep
SIS. 
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Diagnosis 

In the absence of either subtle or overt signs of sepsis, the clinician must deduce 
from the maternal history and neonatal course whether the fetus is at risk for 
sepsis and/or the newborn infant is significantly susceptible to the development 
of bacteremia or septicemia. Because the signs and symptoms of neonatal sepsis 
are nonspecific, noninfectious etiologies should be considered in the differential 
diagnosis. 

Fowlie and Schmidt [27] determined the clinical value of common diagnostic 
tests for bacterial infections in early life by a systematic review of 194 studies. 
They found a generally poor methodological quality, an enormous variation in 
test accuracy, and limited value in the diagnosis of infection in this population. 
If the blood culture is negative, the sepsis score introduced by T ollner [28] may 
be helpful for early detection of septicemia, including clinical and haematologic 
symptoms and certain historical factors associated with increased risk for infec
tion. A modified, but similar sepsis screening was used by Chiesa et al. [26] con
sisting of white blood count, absolute neutrophil count, liT-ratio, and CRP lev
el. If any two or more of the four test results are abnormal, this may indicate 
possible infection (see Table 3). 

Table 3. Sepsis screening in the neonatal period (pathological leukocyte indices according to 
Manroe et al [20] and Avery et al [19]) 

Pathologic Criteria 

·WBC 
(Leukopenia/ leukocytosis) 

• Absolute neutrophil count 
(neutropenia/neutrophilia) 

• liT-ratio 
• CRP 

<24 hours of age 

<9000/mm3 

>30000/mm3 

<7 BOO/mm3 

>14S00/mm3 
>0.16 (0.2) 
>6 mg/L 

>72 hours 

<SOOO/mm3 
>20000/mm3 

<17S0/mm3 

>S400/mm3 

>0.12 
>6 mglL 

WBC, white blood count; liT-ratio, immature to total neutrophils ratio; CRP, C-reactive pro
tein; positive score: two or more pathological findings of the four criteria indicate possible 
septicemia 

Therapy 

Antimicrobial therapy 

Initial therapy of an infant with presumed sepsis during the first days of life 
(early-onset disease) must cover gram-positive cocci, particularly GBS, and 
gram-negative enteric bacilli. Treatment of infants with presumed late-onset 
sepsis may need to cover hospital-acquired organisms such as S.aureus, S.epider
midis, and gram-negative enteric bacilli such as Pseudomonas species. 

GBS are uniformly sensitive to penicillins and cephalosporins. Group D 
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streptococci vary in susceptibility to penicillins; optimal therapy for diseases re
lated to enterococci includes penicillin and aminoglycoside. Most strains of 
S.aureus produce ~-lactamase and are thereby resistant to penicillin G, ampi
cillin, carbenicillin, and ticaricillin. The use of penicillase-resistant penicillins 
and selected cephalosporins must be considered when staphylococcal disease is 
known or suspected. As bacterial resistance must be considered when therapy 
fails, a switch to vancomycin may be necessary. Most strains are sensitive to van
comycin. Especially with the use of intravascular catheters or ventriculoperi
toneal shunts, S.epidermidis may be the cause of infection. As many strains are 
resistant to penicillinase-resistant penicillins and cephalosporins, the initial 
choice may be vancomycin in this case. Furthermore, removal" of the device is of
ten necessary to effect a cure. Listeria monocytogenes is resistant to cephalosporins 
but is susceptible to penicillin G and ampicillin; the latter is first choice in cases 
of proven or suspected infection. The choice of antibiotics for infection with 
gram-negative bacteria depends on the particular pattern of susceptibility in the 
hospital. In general, most aminoglycosides are highly effective against most 
strains of E.coli, Enterobacter, Klebsiella, Proteus species, and Pseudomonas aerug
inosa. Carbapenems (imipenem and meropenem) may be a good choice as well. 
Carbapenems have an extremely broad spectrum of activity against gram-posi
tive and gram-negative bacteria, including anaerobes. Third-generation 
cephalosporins may be good choice in that case, too, especially in cases of a 
combination of sepsis and meningitis. The rapid development of resistance of 
gram-negative enteric bacilli with the use of third-generation cephalosporins as 
standard regimen should be considered. 

Supportive therapy 

Although appropiate antimicrobal therapy is crucial, supportive care is equally 
important. Ventilatory support may be necessary, particularly for infants with 
fulminant early-onset sepsis. Particularly in the neonate, GBS infections may 
cause acute respiratory distress syndrome due to surfactant depletion. It has 
been shown that surfactant replacement therapy improved gas exchange [29]. 
However, the response to surfactant is rather slow, and so repeated and probably 
higher doses of surfactant are often necessary. Intravenous hydration and, often, 
parenteral nutrition with close monitoring of glucose and electrolytes are neces
sary. Septic shock, if present, often needs to be treated appropriately with fluids 
and inotropes, as indicated by the clinical situation. In patients with meningitis, 
prompt seizure control is required to achieve proper oxygenation, decrease 
metabolic demands, and prevent additional cerebral edema. Attention to details 
of urine output and electrolyte balance and osmolality may be necessary to de
tect and manage the early complications of meningitis, such as inappropriate se
cretion of antidiuretic hormone and increased intracranial pressure. 

Extracorporeal membrane oxygenation (ECMO) has been used as rescue 
therapy for newborns with overwhelming early-onset GBS sepsis with distinct 
hypotension due to septic shock, and/or persistent pulmonary hypertension. 
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Despite ECMO, the prognosis of severe sepsis remains uncertain. The survival 
rate of neonatal sepsis on ECMO is, at about 60%, low as compared to 90% in 
meconium aspiration syndrome [30J. 

Immunotherapy 

The newborn's immune system is compromised in many aspects, including the 
neutrophilic chemotactic response to pathogens, T-cell production of proin
flammatory lymphokines, and functional complement activity. Preterm infants 
are further compromised by hypogammaglobulinemia, as maternal transfer of 
IgG to the fetus occurs predominantly after 32 weeks' gestation. The average IgG 
concentration in a premature infant is 400 mg/dl, whereas in the term infant it is 
1 000 mg/dl. With the increased risk of overwhelming bacterial infection in the 
preterm infant, trials for improving treatment of neonatal sepsis with the use of 
intravenous immune globulin (IVIG) were conducted. Multiple studies have 
been published concerning the use of IVIG in preventing neonatal infection in 
high-risk infants. The studies are difficult to compare, but the authors who at
tempted to do so came to the conclusion that there was no clear evidence that 
the prophylactic use ofIVIG was beneficial for preterm infants [31, 32J. 

Fewer studies have been published concerning the use of IVIG as an adjunc
tive therapy. The meta-analysis of Baley and Fanaroff [33J demonstrated that 
IVIG therapy, in conjunction with antibiotics, resulted in a significant decrease 
in mortality. But they also concluded that these results should be interpreted 
with caution because they represent only a small number of patients. Therefore, 
the use of IVIG is still a matter of controversy and further studies are needed. If 
IVIG is used, current data suggest that 500 to 1 000 mg/kg/dose would be appro
priate for treatment. 

Fresh frozen plasma contains antibody, complement, fibronectin, and other 
proteins that help to protect against infection and have been found to be defi
cient in the neonate. Fresh frozen plasma infusions are sometimes given to 
neonates with hypotension and are well tolerated. 

Adjunctive therapy 

The use of recombinant human granulocyte colony-stimulating factor (rhG
CSF) as an adjunctive therapy in the treatment of septic neutropenic neonates 
has been reported recently. Preliminary data seem promising. Gillian et al. [34 J, 
in their randomized placebo-controlled study, demonstrated the efficacy of rhG
CSF in producing neutrophilia. rhG-CSF produced a significant increase in ab
solute neutrophil concentrations, in the peripheral and bone marrow and the in
duced C3bi expression. No acute toxicity was recognized. In a 2-year follow-up 
rhG-CSF treatment was not associated with any long-term adverse hematologic, 
immunologic, or developmental effects [35J. 

Other adjunctive strategies include granulocyte transfusions, exchange trans
fusions, on-line plasma exchange, and continuous hemofiltration. Some of these 
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strategies are considered to be experimental, but none is clinically relevant at the 
moment. 
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