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Preface

In writing this book, we have aimed to provide a comprehensive, practical
guide to the care of the critically ill child, both on an intensive care unit
and in other clinical areas—wherever children need to be stabilized and
failing organ systems need to be supported. Throughout, we have tried to
stick to the underlying principles that guide us in everyday practice—the
application of applied physiology; an understanding of disease processes; a
reckoning of what is likely and what is possible; and the provision of care
driven by compassion for our patients and their families.

The book is not just for intensivists and intensive care trainees. We hope
that it will help clinicians who provide care to sick children outside the
intensive care unit as well, in emergency departments, on paediatric wards
and adult units that are occasionally asked to support a critically ill child. Of
course, we hope that it will also prove to be a useful resource for doctors
and nurses who do work in intensive care, either as specialists or on rota-
tion. It is a book to be picked up to find the answers to specific problems
and for guidance on how to manage specific issues. Where appropriate,
we have tried to provide more in-depth information, highlighting areas of
controversy and stimulating further reading.

The preparation of the book has been made easy by the work of the
various contributors, who delivered chapters on time and to length. They
are listed on page xv. We hope that in editing their work we have not
taken too many liberties.

Whilst writing the handbook, we were saddened by the deaths of Heinrich
Werner and David Todres, colleagues who we hoped would contribute
and comment on our work. Children’s intensive care, and this handbook,
are less without them.

We thank Julie Edge, James Greening, and David Luyt for their comments and
help with specific chapters. We would also like to thank Susan Crowhurst,
Anna Winstanley, and Helen Liepman at the Oxford University Press for
keeping us on track and seeing the project through from conception to
publication.

Finally, we thank our families for their support and forbearance.

PWB, KM, TA.
Oxford, Leicester, and Birmingham, 2009
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Additional disclaimer

We have checked all drugs and dosages suggested in this handbook, but
the ultimate responsibility for their use in a particular patient rests with
the prescriber.



Foreword

The specialty of paediatric critical care medicine has come of age. When
it began to emerge as a specialty in its own right in the 1970s, much of
what was done was learnt from adult intensive care medicine. Paediatric
intensive care units (PICUs) were largely run by anaesthetists because
they were the experts in airway and ventilation management and under-
stood cardiac and respiratory physiology. In those days, diseases like Reye
syndrome and Haemophilus influenzae acute epiglottitis were diseases
that presented unique challenges to those involved in paediatric critical
care, where the use of recently introduced invasive monitoring and skilful
airway management could dramatically influence survival. It also saw the
dawn of a new era in surgery for congenital heart disease which saw major
improvements in survival and the eventual evolution of paediatric cardiac
critical care as a specialty. Thirty years ago, little of the evidence for the
therapies we used was ever subjected to the rigor of clinical trials, there
was little formalized training, and paediatric critical care was a part-time
specialty. Much has changed. Many countries have established formalized
training schemes with specialty examinations, full-time career intensivists
with academic positions are being appointed, and the specialty has its own
journal. There are also a number of published textbooks in paediatric
critical care medicine. Do we need another and, if so, how is Paediatric
Intensive Care different? The answer is yes, we do, if it presents knowledge
in a different and more accessible format. | particularly appreciate the way
it deals with the important issues in an abbreviated arrangement which
presents knowledge in an easily accessible layout. It has a comprehensive
coverage of the important physiological principles and, as someone from
the previous era where anaesthesia was the entry into PICU, | am pleased
to see that prominence is given to airway management and the use of
anaesthetic drugs.

We are entering a new era in the specialty where what we do will be
judged by our results. The public and profession are rightly less tolerant
of errors and less than optimal care. At the same time the intensive care
specialist is dealing with increasing amounts of new knowledge which he
or she has to absorb in a very demanding clinical specialty. Having access
to a reference source such as Paediatric Intensive Care which gives them
vital information presented in such an easy to navigate format will make
that task less burdensome.

Desmond Bohn MB MRCP FRCPC FFARCS
Professor of Anaesthesia and Paediatrics
University of Toronto;

Chief, Department of Critical Care Medicine
The Hospital for Sick Children, Toronto, Canada
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4 cHAPTER 1 An introduction to PIC

Definitions

Paediatric intensive care (PIC) may be defined as:

o A service to support children and young people with threatened or
established organ failure arising as a result of an acute illness, trauma,
or a predictable phase in a planned treatment programme (i.e. post
surgery), which is potentially recoverable.

A paediatric intensive care unit (PICU) is a specially built or adapted ward,
appropriately equipped, where critically ill children and young people
receive medical, nursing, and other clinical care from a multidisciplinary
team of specifically experienced and trained staff.



THE EVOLUTION OF PAEDIATRIC INTENSIVE CARE

The evolution of paediatric
intensive care

e The speciality of PIC has evolved from the specialities of anaesthesia,
adult intensive care, and neonatal intensive care, but has its origins
in the poliomyelitis epidemic of 1952 in Denmark, when children
(and adults) were ventilated by hand. Further development was
rapid and PICUs became established around the world. Research lead
to major advances in the understanding and treatment of critical illness
in children and paediatric intensive care medicine (PICM) became a
recognised discipline both in the medical fraternity and with the
public.

o The first intensive care unit (ICU) primarily for children was
established by Dr Goran Haglund, an anaesthetist, in Goteborg
(Gothenburg), Sweden in 1955. Developments in PICM occurred
very much in parallel in Australasia, Europe, and North America.

In the early 1960s, reports of prolonged tracheal intubation in children
came from Australia and in 1967 the first PICU in the United States
was established in Philadelphia. Much of the experience and
knowledge of managing children requiring organ support came from
paediatric anaesthetists who extended their activities beyond the realm
of operating theatres.

o Surgery for congenital heart disease provided a predictable group
of patients. Advances in technology have stimulated major advances
in PICM. The advent of gas analysis on small samples of blood
(Severinghaus and Clark electrodes) revolutionized the care of the
ventilated patient as did the introduction of sophisticated positive
pressure ventilators. Currently PICM is established all over the world.
In the developing world, where resources are few, PICM may be less
technology dependent but the same principles of intensive care are
increasingly applied in the management of seriously ill children.

5
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Developments in the UK

The first designated PICU was opened at Alder Hey hospital, Liverpool in
1964 by G. Jackson Rees, an anaesthetist. This PICU developed the first
PIC Retrieval Service in the UK in 1976.

The Paediatric Intensive Care Society (PICS) was set up in the UK in 1987.
[t aims to provide a forum for discussion, the provision of specialist advice,
and the promotion of training, education, and research.

Organization of PIC services

In the UK prior to the 1990s, critically ill children could be found in a

variety of locations within a hospital. The two main areas being:

o Adult ICUs; occasionally with a dedicated paediatric area

o Specialist postoperative cardiac ICUs; dealing with both neonates and
infants.

PICUs evolved in an ad hoc manner often branching out from paediatric
cardiac ICUs. It was clear, however, that this fragmented provision of
care was unsatisfactory. In 1993, the British Paediatric Association (BPA)
published a report of a multidisciplinary working party on the state of pae-
diatric intensive. It demonstrated that:

e Care was fragmented

e Paediatric units were understaffed

o The staff were undertrained.

Standards for PIC were developed and by 1997 a Department of Health
(UK) working party published ‘A Framework for the Future’; describing a
coordinated plan for the future of PIC services in the UK. This described
a hub and spoke provision of care for critically ill children—each region
should have a lead centre to provide most, if not all, the PIC for the
region and support smaller hospitals within the region. The lead centre
has responsibility for providing the regional retrieval service for critically
ill children (Box 1.1).

Evidence for centralization of PIC services
There has been considerable effort in the UK over recent years to cen-
tralize high cost low volume services.

For PIC the advantages include:

o A greater experience and expertise of the medical and nursing staff
o Access to a range of paediatric subspecialists

e Higher standard of nursing care

o Access to paediatric support services, e.g. physiotherapy, radiology
e Parental wish to be in an experienced centre.

Disadvantages are
e The service is not necessarily local to the patient’s home
o De-skilling of staff in district hospitals.

Providing evidence of a mortality benefit with centralisation of PIC is dif-
ficult as mortality rates are low at ~5%.
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Box 1.1 Standards of a lead centre in the UK

o Medical staff:
¢ Consultants to have approved training in PIC
» Cover all the working week by consultant who has no other
clinical responsibilities
Resident specialist registrar 24h/day with no other responsibilities
and with advanced paediatric resuscitation skills
¢ Access to tertiary paediatric subspecialty consultants
o Nursing staff:
* Lead nurse providing focus for development of standards, staff,
and education
* Intensive and continuous supervision of each child by a registered
children’s nurse qualified in intensive care
o Size and activity:
* Minimum of 8 beds
* Minimum of 500 ventilated admissions per year
o Competencies and equipment:
* Appropriate equipment
* Ability to undertake advanced therapies such as positive pressure
ventilation and renal replacement therapy
o Access to laboratory and radiological services 24h/day
® 24-h retrieval service
e Appropriate family services and support
e Ongoing education for staff
o Commitment to clinical governance issues and research.

Developments across the world

In Australia there are a small number of large PICUs based within the major
cities which support a network of retrieval services covering large geo-
graphical areas of low population density. In the USA some centres have
a number of different subspecialty PICUs within the same hospital. PICM
training is undertaken as a Fellowship following a residency programme.

Despite the variety in healthcare systems in different countries, PICM
has established itself as a worldwide discipline. Major units now exist in
South America, India, Japan, and South Africa. Staffing and training may
differ between countries, but there is a truly international ethos to PICM
around the world. In 1997 the World Federation of Pediatric Intensive
Critical Care Societies was established with a vision of disseminating infor-
mation across international boundaries. A World Congress of Pediatric
Intensive Care is held every 4 years to allow sharing of research findings
and networking of PIC staff from around the world.
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Staffing

Medical staff

Paediatric intensivist

A paediatric intensivist is a medical consultant from a paediatric, paediatric
anaesthetic, or paediatric surgical background who has undertaken sub-
specialty training in PICM. They lead and integrate the muiltidisciplinary
care of children within a PICU. PIC is an interactive and hands-on spe-
ciality which combines practical and diagnostic skills with education,
teaching, and research.

Training in PICM

In 1998, the Intercollegiate Committee for Training in Paediatric Intensive
Care Medicine, (ICTPICM) approved units in the UK to provide recog-
nized training in PICM, built upon a 2-year competency-based training
programme. In addition, paediatric trainees undertake a minimum of
6 months in anaesthesia and anaesthetic trainees work for 6 months in
neonatology or paediatrics. Paediatric Surgeons undertake both anaes-
thesia and neonatology. The Royal College of Paediatrics and Child Health
has recognized PICM as a subspecialty of paediatrics.

Nursing staff

The organization of the nursing workforce varies between different PICUs
and will depend on the size of the PICU, the complexity or dependency of
the patients, and the nursing structure within the hospital. A senior nurse
has responsibility for the appointment and management of the nursing
workforce and the delivery of nursing for all grades of staff.

As well as nurses to provide bedside care, other roles include:
e Team leaders/coordinators

o Retrieval nurses

e Education/training

e Research

o Nurse consultant / advanced nurse practitioner.

Professions allied to medicine

PICM is very much a multidisciplinary speciality. Dietitians, pharmacists,
physiotherapists, and radiographers have key roles in PIC delivery on a
daily basis. Clinical psychologists have input to selected patients and
their families. Physical measurement technicians provide support with
clinical monitoring and equipment maintenance. Play specialists work with
patients, siblings, and families. In some countries respiratory therapists
provide clinical input for ventilated patients.

Chaplains/bereavement care staff

The nature of critical illness in children and the relatively high mortality rate,
in comparison to a ward, place an enormous stress on families and staff.
Ministers of religion, bereavement specialists, and others (psychologists,
social workers) can provide support to patients, their families and the
PIC team.
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Clerical and other support staff
The PICU has a range of clerical staff who are telephone receptionists,
prepare the admission and discharge documentation, meet families and
their visitors, undertake audit and data collection roles, order disposable
equipment, and manage staff rostering.

Levels of patient dependency
The PICS (UK) has defined 4 levels:

Level 1

o High dependency, i.e. close monitoring and observation required but
not mechanical ventilation

e Recommended nurse to patient ratio 1:2

e May require single organ support (excluding intubated children)

e Step down from ICU, following major surgery and/or receiving
advanced analgesic techniques (epidural, intrathecal morphine).

Level 2

e Requiring continuous nursing supervision
e Recommended nurse to patient ratio 1:1
o Often intubated and ventilated or unstable non-intubated.

Level 3

o Children who need intense supervision at all times requiring complex
nursing and therapeutic procedures.

e Recommended nurse to patient ratio 1.5:1

e Intubated, ventilated, requiring inotropes or multiple organ failure.

Level 4

e Unstable children requiring intense interventions or managed in a single
occupancy cubicle.

e Recommended nurse to patient ratio 2:1

e ECLS (ECMO), haemofiltration.

More recently a classification of 7 Healthcare Resource Group (HRG)
levels has been developed for use in the UK, informed by daily collection
of a Paediatric Critical Care Minimum Dataset (PCCMDS).

Currently most units in the UK receive funding based on a block con-
tract that pays little or no attention to the dependency levels. In the near
future, HRGs are likely to inform Payment by Results, with a bed day tariff
based on patient complexity.
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The multidisciplinary approach

The paediatric intensivist leads and integrates the complex multidiscipli-
nary care of the critically ill child. Good communication and teamwork is
of the essence and underpins this multidisciplinary approach (Box 1.2).

Box 1.2 Open versus closed units

e Traditionally intensive care grew out of anaesthesia. Consultant
anaesthetists would undertake practical procedures and make
decisions relating to airway, breathing, and circulation (ABC) but
relied heavily on paediatric specialists to advise on differential
diagnosis, investigation, and other non-ABC management. This
describes an open unit, where a number of teams are actively
involved in making decisions relating to patient care.

o More recently, with the development of appropriately trained
paediatric intensivists (whatever their background) a closed approach
has become the norm. Day-to-day decision making is done by the
PIC team and complex diagnostic or therapeutic interventions,
such as haemofiltration, extra-corporeal life support, and
bronchoscopy, are undertaken by the PIC team. Consultation with
relevant specialties is still essential but ultimately the coordination
of decision-making is done by the PIC consultant.

Admission and discharge criteria

Admission criteria

o New admissions to intensive care should always be discussed with the
consultant in charge of the PICU

Ideally there should be consultant to consultant referral
Development of hospital outreach training may prevent some
admissions and readmissions to PICU (E p.35)

High dependency units (HDU) may allow some categories of patients
to be looked after in HDU rather than PICU.

Also see Box 1.3.

Discharge criteria
See Box 14.
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Box 1.3 Criteria for admission to PICU

Mandatory

o Allintubated children receiving mechanical ventilation

o Acute rescue non-invasive ventilation

e Multiorgan failure

o Ongoing cardiopulmonary resuscitation or post resuscitation.

Relative

e Potential airway compromise

o Evidence of shock (impaired tissue oxygenation)

e Acute organ failure, e.g. cardiovascular, respiratory

o Significant injury

o Deteriorating level of consciousness

e Severe metabolic derangement

o Following surgery: high-risk patient (e.g. cardiac, respiratory,
neuromuscular disease)

o High-risk surgery.

Box 1.4 Criteria for discharge from PICU

o Extubated with an uncompromised airway for >4h
o No mechanical ventilation

o Receiving <40% oxygen

o Minimal respiratory distress

o Cardiovascular stability (no or low-dose inotropes)
o Adequate level of consciousness to protect airway
e Organ function improving or stable.

Exceptions

o Long-term ventilated patients
e Long-term chronic dialysis.
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Further reading

British Paediatric Association (1993). The Care of Critically lll Children. Report of
The Multidisciplinary Working Party on Paediatric Intensive Care Convened By The British
Paediatric Association. British Paediatric Association, London.

Department of Health (1997). Paediatric Intensive Care ‘A Framework for the Future’. Report from
the National Coordinating group on Paediatric Intensive Care to the Chief Executive of the
NHS Executive. DH, London.

Paediatric Intensive Care Society (1996). Standards for Paediatric Intensive Care Including Standards
of Practice for Transportation of the Critically Ill Child. Saldatore, Bishop Stortford.

Appendix

Box 1.5 Formula for calculation of required numbers
of PICU beds

The number of beds (n) required to satisfy demand 95% of time
n=x+ 164

where x = [(population) x (rate of demand per annum) x
(length of stay)] + [365 x occupancy]

Example:
e Population 1 million
e Rate of demand is 1.2 per 1000 children per annum
o Mean length of stay is 4 days
e 80% occupancy.
x = 1,000,000 x 0.0012 x 4 = 16.44
365 x 0.8

Number of beds required = x + 1.64 VX = 16.44 + 1.6416.44
= 23 beds to satisfy demand 95% of the time
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Epidemiology of PIC

Audit of PIC activity

Since 2002 PICANet (Paediatric Intensive Care Audit Network) has been
the national audit database for PIC in the UK. It consists of demographic
and clinical details of all PICU admissions and activity in order to:

o |dentify best clinical practice

e Monitor supply and demand

e Monitor and review outcome of treatment

o Study the epidemiology of critical illness in children

e Facilitate future planning and resource allocation.

o Support collaborative research.

PICANet data allows for comparison of local PICU activity to national
benchmarks. It also provides an important evidence base on outcomes,
processes, and structures that permits planning for future practices,
research, and interventions. Australia and New Zealand have a similar
system (Australian and New Zealand Intensive Care Society—ANZPICS).

The patients in PICU

e PICU patients in the UK are generally aged 0—16 years of age

o Standard UK practice is for pre-term and term newborns requiring
intensive care to be managed on neonatal ICUs except for those that
have been discharged (to wards or home) or have had surgery that
requires PIC expertise (complex cardiac surgery in particular)

e Occasionally older patients are also admitted to PICU with conditions
that require PIC expertise (such a congenital heart defects, severe
neurological disability and developmental delay)

e Each PICU has a unique profile of patients which relates to the
different subspecialties that exist in its hospital, e.g. cardiac surgery,
neurosurgery, neonatal surgery, oncology

o The Department of Health has recently produced guidance on which
paediatric subspecialties should be co-located with each other and
with PIC

e From current UK PICANet data:

* There are >45,000 admissions per year to PICU in UK

The mortality rate is approximately 5%

Most admissions are <1 year old (47%)

Boys (58%) outnumber girls (42%)

54% of admissions are unplanned

67% of patients are invasively ventilated

Overall, cardiac patients are the biggest admission category

followed by respiratory patients and then neurological patients

There is an increase in admission rates in the winter months due

to respiratory illness, specifically respiratory syncytial virus (RSV)

bronchiolitis.
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Measuring performance in PIC

Outcome

Although the goal of all therapy is to prevent avoidable death, mortality
rate is but one measure of outcome in PIC. Comparison between units
is hampered by differences in diagnosis and severity of critical illness.
To account for these differences (and others), clinical scoring systems
(prediction models) have been developed to help make comparisons and
aid in assessment of performance.

A PICU is not delivering adequate care if it is not measuring its performance.

Measures of outcome include:
o Effectiveness—does the treatment work?
e Usually expressed as standardized mortality rate or long-term
mortality
» Often hampered by case mix
o Efficiency—is treatment cost effective?
Maximal efficiency is manifest by:
* Only very sick patients in PICU
* High bed occupancy
* Short lengths of stay
o Quality—are performance objectives being attained? This may include:
» Measurement of quality indicators, such as rates of
unplanned extubation, early readmission (‘rebound’) to PIC,
ventilator-associated pneumonia (VAP), and catheter-related
blood stream infection (CRBSI)
* Quality of life issues—physical and psychological morbidity
* The patient’s/family perspective.

Standardized mortality rate (SMR)
The effectiveness of PIC is frequently expressed as a ratio of actual and
expected mortality in a population of patients adjusted for the severity
of illness

SMR = actual death rate + expected death rate

e SMR compares the effectiveness of care with that of a large reference
population of PICU patients

o |f the observed mortality is lower than expected, this suggests a
superior performance in the study group compared with reference
PICU population (SMR <1)

e SMR >1 implies poorer performance than expected in the group being
studied

e Trends in SMR allow a unit to track their performance over time
(Cusum technique).

Severity of illness and risk adjustment

Risk adjustment is used to account for case mix diversity. Adjustments can
be made for:

o Diagnosis and illness severity

o Age, racial, and social background

e Pre-PICU treatment

o Background health (chronic health status).
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Predictions models (scoring systems)
e Paediatric Risk of Mortality Score (PRISM) (see L1 p.18):
* Based on physiological variables in first 24h after admission
* Does not include chronic health evaluation (i.e. calculation is not
affected by background health)
* Developed in USA
» Used extensively in risk, cost, and quality assessments
» Computer program sold as a commercial venture
o Paediatric Index of Mortality (PIM) (see [ p.18):
¢ Less data required, hence ‘user’ friendly
* Data items relate to point of first contact with patient
* Developed in Australia and UK
* Requires acute parameters and chronic health data
* Non-commercial and used in national database PICANet.

Mortality prediction
e Mathematical models are developed from logistic regression analysis
o Predictive variables (e.g. systolic blood pressure (BP), heart rate, PaO,,
base excess etc.) are weighted to give a mortality risk
Probability of death is calculated from mortality risk
The mortality prediction model is validated prospectively (‘how well
it fits’) by:
» Comparing predicted mortality risk in groups (strata) of ICU
patients to the actual mortality rate
« Testing for its discriminatory power (sensitivity and specificity are
compared to give receiver operating characteristic)
o Allows for calculation of expected mortality in a comparable
population (PICU patients) and thus calculation of SMR
e Mortality prediction must never be applied prospectively to individual
patients to inform clinical decision making
All models require ‘recalibration’ on a regular basis as performance
tends to improve over time such that the number of actual deaths falls
consistently below the number of predicted deaths, SMR <1.

Further reading

ANZPICS: R http://www.anzics.com.au/section.asp!Section=paediatric

PICANet (2008). National report of the paediatric intensive care network Jan 2005-Dec 2008.
Available at: 8 http://www.picanet.org.uk

Pollack MM, Patel KM, Ruttimann UE (1996). PRISM lII: an updated Pediatric Risk of Mortality
score. Crit Care Med 24:743-52.

Slater A, Shann F, Pearson G (2003). PIM2: a revised version of the paediatric index of mortality.
Intensive Care Med. 29:278-85.
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Appendix

PIM 2

Chronic health variables

e Cardiac arrest before ICU admission
e Cardiomyopathy or myocarditis

o Severe combined immune deficiency
o Hypoplastic left heart syndrome

o Leukaemia/lymphoma

o Liver failure

o Admitted following cardiac bypass

e Spontaneous cerebral haemorrhage
o Neurodegenerative disorder

e Severe developmental delay

e Human immunodeficiency virus (HIV).

Acute variables recorded
o Systolic BP

(] PaOz

L] FIOZ

o Base excess
e Pupil reaction
e Intubation.

Score depends on whether admission was elective or emergency.

PRISM Il

Acute variables recorded
e Systolic BP

e Temperature

Mental status

Heart rate

Pupil reflexes

pH

Total CO,

PaO,, PaCO,

Glucose

Potassium

Creatinine

Urea nitrogen

White cell count
Platelet count
Prothrombin or partial thromboplastin time.

There are 4 categories of age included:
o Neonate (<1 month)

e Infants (1 month to 1 year)

o Children (12 months to 12 years)

o Adolescent (>12 years).
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Introduction

Paediatric cardiac arrest:

o |s rarely a primary event

e Usually occurs after gradual deterioration in the child’s condition
o |s usually associated with a poor outcome.

Early recognition and treatment of the critically ill child will reduce the
incidence of respiratory and cardiac arrest.

The critically ill child may be identified by parents, nursing or medical staff,
or early warning systems (Il p.36)

Current resuscitation treatment algorithms are:

e Based on the 2005 consensus guidelines

o Adopted by the European and UK Resuscitation Councils

o Based on the best evidence available

e Taught on several courses run on behalf of the Resuscitation Council
(UK) and the Advanced Life Support Group

o Are fully revised every few years as new information becomes available.

Resuscitation skills

o Should be taught to all healthcare professionals commensurate with
their role and experience

e Are best learned in workshops or scenarios

o Should be regularly updated

e Should be practised by the team on a regular basis

o Should include a team debrief to improve performance.

Scope of resuscitation

Paediatric resuscitation is a discipline that includes a number of elements:
e Training of lay rescuers

e Provision of a skilled ambulance service

e Communication systems between the ambulance service and hospitals
Training of healthcare professionals and the resuscitation team

o Resuscitation team deployment

e Provision of equipment

e Early recognition of the critically ill child

e Management of a child in respiratory or cardiac arrest

[ ]

L]

Post-resuscitation care including transport to an area for definitive care
Audit of processes and outcomes
o |dentification of patients in whom resuscitation would not be beneficial.

Most hospitals have a Resuscitation Services Department which co-ordinates
these activities.
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Basic life support

The aim of providing basic life support is to maintain the patient’s
oxygenation and circulation until the circulation can be restored (Fig. 3.1).

Patient unresponsive?

Ensure safety

I
Shout for help
(pull emergency buzzer)

Assess responsiveness
(gentle tactile and verbal stimulation)
I
Airway opening manoeuvres
(age-dependant positioning)

I

Check breathing
(for 10sec)
I

[
[
[
[
[
[ 5 rescue breaths
[
[
[
[

(use bag valve mask with high-flow oxygen if available)
I
Assess for signs of circulation for 10sec maximum
(brachial pulse <1 year, carotid pulse >1 year)

Commence chest compressions

I
Continue cardiopulmonary resuscitation (CPR)
Ratio 15 compression:2 ventilations
I
Call resuscitation team
(dial 2222 in UK hospitals)

—  J J _J _J .

Fig. 3.1 Basic life support algorithm.
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Airway opening manoeuvres

e Under 1 year—head in neutral position with chin lift or jaw thrust

e Over 1 year—head in slight extension with chin lift or jaw thrust
(sniffing position).

Breathing

o Bag-valve-mask ventilation with high-flow oxygen—'mouth to mouth’
may be used if no equipment is available

o Rescue breaths are given with an inspiratory time of ~1s

e Lowest pressure which will inflate the lungs so the chest rises

e 5 breaths are given over about 10s.

Circulation

e Checked by taking a central pulse and observing for signs of circulation

such as spontaneous movement

If no pulse is present—start chest compressions

If the pulse rate is <60/min and the child is unresponsive—start chest

compressions

e Lay rescuers are no longer taught to take a pulse but to look for signs
of life such as coughing, breathing, or movement.

Chest compressions

Hand position

e Middle of the chest on the sternum

o 1 finger breadth above the xiphisternum for baby or small child
e 2 finger breadths above for large child.

Chest compressions

e Rate of compressions is 100 compressions per minute

e Depth should be 1/3 of the original anteroposterior diameter of the
chest

o Inadequate compressions will fail to generate sufficient cardiac output

e Optimal cardiac compressions generate ~30% of normal cardiac output

o Relaxation phase between compressions should allow the chest to
return to normal diameter

e Time of compression and relaxation should be equal to allow both
ejection and filling of the heart

e The rescuer providing compressions should be swapped every 2min.

Quality cardiopulmonary resuscitation (Q-CPR)

o Cardiopulmonary resuscitation must be done well if patient outcomes
are to be optimized

o Devices are available which monitor and give auditory feedback on the
rate and effectiveness of both ventilation and cardiac compressions

e These devices are only designed for adults.

Some patients may have return of spontaneous circulation after a short
period of basic life support. These patients should be transferred to an
area with appropriate monitoring and facilities for post-resuscitation care.

Patients who do not have a rapid return of spontaneous circulation move
seamlessly to advanced life support with the arrival of the resuscitation
team.
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Advanced life support

o Advanced life support is built on the foundation of ongoing effective
basic life support

o Advanced life support targets the cause of the collapse and provides
specific therapy to aid the return of spontaneous circulation (Fig. 3.2).

Commence BLS

Oxygenate/ventilate
Call
Resuscitation Team
4

CPR 15:2
Until defibrillator/monitor
attached

(. N\
During CPR:

o Correct reversible causes™
® Check electrode position

1 shock and contact
4 J/kg or AED o Attempt/verify:
(attenuated as IV/IO access
appropriate) airway and oxygen

o Give uniterrupted
compressions when
trachea intubated

v ® Give epinephrine every v
Immediately resume 3-5min Immediately resume
L | CPR 15:2 o Consider: amiodarone, CPR 15:2 |
for 2min atopine, magnesium for 2min
A& J
4 N\

* Reversible Causes
Hypoxia Tension pneumothorax
Hypovolaemia Tamponade, cardiac
Hypo/hyperkalaemia/metabolic Toxins
Hypothermia Thromboembolism )

Fig. 3.2 Advanced life support algorithm. Reproduced with permission from the
Resuscitation Council (UK) 2005.
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Rhythm recognition

e Rhythm recognition is a vital task in advanced life support

o The rhythm may be shockable or non-shockable

e |dentification requires monitoring of the electrocardiogram (ECG)

o This is achieved using hands-free patches or 3-lead ECG.
A\ Defibrillator paddles and gel pads can be used as a quick look but
there is an associated risk of spurious asystole especially after repeated
defibrillation attempts

e Cardiac arrest in children is rarely due to a rhythm disturbance

o Pulseless electrical activity and asystole are more common.

Non-shockable rhythms
o Non-shockable rhythms are asystole and pulseless electrical activity.
* Asystole (Fig. 3.3a) is recognized on ECG as a rhythm without any
ventricular activity, although P waves may be present

Fig. 3.3a Asystole

* Pulseless electrical activity (PEA) (Fig. 3.3b) exists when the ECG
shows electrical activity which should produce a pulse but no pulse
is present

Fig. 3.3b Pulseless electrical activity.

e Epinephrine is administered via the intravenous (IV) or intraosseous
(10) route (epinephrine 10mcg/kg = 0.1mL/kg of 1 in 10,000 every
3-5min)

 There is no human data to show epinephrine improves the
long-term outcome of cardiac arrest

e When the patient is intubated, compressions and ventilation can be
carried out asynchronously without interrupting compressions

e The rate of ventilation for a child should be 12-20/min

o Care should be taken to avoid hyperventilation of the intubated child
which may easily occur during CPR. This could have detrimental
effects, specifically vasoconstriction in the cerebral circulation.
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In the setting of cardiac arrest, venous CO; values will be much higher than
arterial values—do not titrate ventilation based on a central venous or
peripheral venous pCO,. Obtain an arterial value.

Common reversible causes of cardiac arrest are contained within the
mnemonic: 4Hs and 4Ts:

Hypoxia
e Reversed by ventilation with high-flow oxygen.

Hypovolaemia
o Rapid infusion of |V fluid to restore intravascular volume.

Hypothermia (L1 p.527)
o Can be missed by a standard thermometer—diagnose using a
low-reading thermometer.

Hyperkalaemia and other metabolic disorders

e Suspect in known renal patients

e Diagnosed by biochemical investigation

o Point of care testing for blood gas and electrolytes allows detection
of metabolic disorders which if found should be corrected.

Tension pneumothorax

o Detected by clinical examination

e Reduction or absence of breath sounds and hyper-resonance on
affected side

e Tracheal deviation away from the pneumothorax is a late sign

o Decompress with large cannula—2"9 intercostal space,
mid clavicular line

o Followed by insertion of an intercostal chest drain (E p.422).

Tamponade (cardiac)
e Usually occurs in the setting of thoracic trauma or post cardiac surgery
e Treatment is pericardiocentis or thoracotomy and evacuation of clot.

Toxins

e May be suggested from the history

o Arrhythmias caused by tricyclic antidepressant overdose may respond
to alkalinization of the blood

o Check drug charts of inpatients—which drugs were administered prior
to collapse?

Thromboembolic disease

e Rare in children

o A suggestive history in adults is treated with thrombolytic drugs

e CPR must be continued for 1h post thrombolysis as it often takes this
long for clot lysis to occur.

A\ Do not assume only one reversible cause—these can coexist.
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Shockable rhythms

Ventricular fibrillation (VF) (Fig. 3.4a) and pulseless ventricular tachycardia
(VT) (Fig. 3.4b).

Fig. 3.4a Ventricular fibrillation.

Fig. 3.4b Pulseless ventricular tachycardia.

Both of these pulseless shockable rhythms are treated by external defi-

brillation at 4J/kg.

o Energy chosen is rounded up to the next energy level available on the
defibrillator if the exact value is not available

o Asingle shock is administered followed by 2min of CPR

e Sometimes asystole and fine VF can be difficult to differentiate

o Fine VF is not likely to convert to sinus rhythm with cardioversion

e Cardiac compressions may turn fine VF into coarse VF which is more
likely to convert on subsequent defibrillation.

Defibrillation

Biphasic versus monophasic defibrillators

Monophasic defibrillators produce a waveform resembling a heavily

damped sinusoidal impulse with a mainly uniphasic characteristic. Biphasic

defibrillation alternates the phases of the impulse.

e |n adults modern biphasic defibrillators have the advantage of a lower
energy required for successful defibrillation—this also results in less
burn and myocardial injury

o In children there is no current evidence to support reducing
defibrillation energies with biphasic defibrillators. Standard energy
(4)/kg) used for defibrillation.

Safe defibrillation

o Safety is the responsibility of the person who is defibrillating

e Must be balanced with minimizing interruptions in chest compressions

o High-flow oxygen should be removed to at least Tm away from the
patient (unless it is attached to an endotracheal tube, ETT)

o Defibrillation pads/paddles should be at least 12-15cm away from
pacemakers
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o Jewellery should be avoided (it may not be possible to remove it)

e The chest should be dry and free from adhesive patches

o A clear audible warning should be given when charging the defibrillator

o A visual check should be done to ensure that no one is in direct or
indirect contact with the patient before defibrillation occurs.

Automated external defibrillators

e Over the age of 8 years an automated external defibrillator may be
used with standard adult hands-free pads

o Between the ages of 1-8 years, attenuated shock energy should be
used by using a paediatric programme or attenuated paediatric pads

e There is no evidence for or against the use of automated external
defibrillators under the age of 1 year.

Drugs used during cardiac arrest
Epinephrine
e Standard dose 10mcg/kg (0.1mL/kg 1 in 10,000 or 0.01 mL/kg 1 in 1000)
Give via the IV or 1O route, followed by an IV saline flush
e High-dose epinephrine (100mcg/kg) has been associated with poor
neurological outcome and is no longer recommended except in
circumstances such as beta-blocker overdose or severe anaphylaxis
In the absence of vascular access, rarely epinephrine has to be
administered via the intratracheal route—the dose is 10 times larger
if the intratracheal route has to be used
Epinephrine acts as an alpha-1-agonist causing vasoconstriction and
therefore increasing the coronary and cerebral perfusion pressure
Epinephrine is administered every 3—-5min during resuscitation in both
shockable and non-shockable rhythms:
* In shockable rhythms, epinephrine is administered just before the
3" shock
¢ In non-shockable rhythms, epinephrine is administered as soon as
1O or IV access is established.

Amiodarone

o Antiarrhythmic which acts as a membrane stabilizer

o Increases the duration of the action potential and the absolute and
relative refractory periods

Reduces the likelihood of circus currents which cause arrhythmias
Dose during VF/VT arrest is 5mg/kg body weight

Is flushed with 5% dextrose

Given immediately before the 4™ shock in the VF algorithm

Can cause profound hypotension if given quickly

In the arrest situation the priority is to terminate VF

In the arrest situation may be given via a peripheral line

In the non-arrest situation is given by infusion via a central line,

as can cause significant extravasation injury.
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Membership of the resuscitation team

e Varies from hospital to hospital
o The following roles should be considered an absolute minimum:
» Team leader
* Airway management clinician
¢ Dedicated trained assistant for airway management clinician
e Chest compressions
* Vascular access and drug administration
* Scribe to document events, actions, and times
* Runner
e The team works best with a leader who directs the team but does not
get involved in the completion of tasks
o |n most hospitals the team leader will be a middle grade or senior
paediatrician or senior nurse
e There must be an experienced clinician to manage the airway; this role
is usually filled by the on-call anaesthetist or intensivist.

Team training
e Resuscitation courses are very useful in acquiring and practicing the
skills required for resuscitation of a child
e The resuscitation team should train as a team in practice scenarios.
* Many hospitals now carry out this type of training and there is
evidence to show it enhances team performance.

Resuscitation equipment

o The Resuscitation Council (UK) list of suggested equipment for
paediatric resuscitation is a minimum standard and items may be added
according to local need

o A full range of sizes of resuscitation equipment should be immediately
available in all paediatric clinical areas

o The Broselow system gives a good way of storing equipment by size

e |t tends to be used in clinical areas where paediatric resuscitation is an
infrequent event

o Equipment should be checked on a daily basis and omissions
corrected—a clear audit trail should exist for resuscitation equipment.
Oxygen

o High-flow oxygen (15L/min) is used during resuscitation
o Care must be taken to avoid depletion of oxygen when cylinders are
used.

Research is investigating whether resuscitation using room air (21% oxygen)
produces better survival and neurological outcomes than conventional
resuscitation using 100% oxygen.
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Bag valve mask

o A self-inflating bag is the first choice for resuscitation

e The advantage over an anaesthetic breathing circuit is that it may still
be used without a supply of oxygen allowing ventilation with room air

e The bag is used for positive pressure ventilation by squeezing an
appropriate tidal volume through a mask or endotracheal tube into
the lungs

o High-flow oxygen and a reservoir bag allow high oxygen concentrations
to be delivered.
A\ The bag should not be used for spontaneous respiration as the
inspiratory valve and rigid nature of the bag provides a high inspiratory
resistance

e |f spontaneous respiration or continuous positive airway pressure is
required, an anaesthetic breathing circuit should be used.

Endotracheal tubes

o Oral intubation is used in an arrest situation

e Induction of anaesthesia with drugs is not necessary in the cardiac
arrest situation as the patient is already unconscious

o Children in respiratory arrest may occasionally require drugs for
induction of anaesthesia to abolish the cough reflex
* This should only be done by an individual trained in their use

e There are a number of formulae for the size of the endotracheal tube:
¢ Internal diameter of tube (mm) = [age (in years)/4) +4
» Use at least one size smaller if using a cuffed tube.

Intraosseous needles (L1 p.65)

e In an emergency IV access is often difficult to obtain in a small child.

o Rapid vascular access may be gained by the insertion of an IO needle

e These come in a variety of sizes. Many hospitals only stock the 18G size

o |O needles may be either smooth ended or have a screw thread and
may have end- or side-holes

e Insertion of an IO needle is taught on resuscitation courses

o Care should be taken to identify the surface of bone and a careful
steady pressure with screwing action should be used until a loss of
resistance is felt

e The most common insertion area is in the upper tibia below the
growth plate—in older patients other sites include humerus, iliac crest

o There are now devices available which use a type of rivet gun for
automatic insertion to the appropriate depth

o Drugs, fluids and blood products can be administered via an 10 needle.

e The most common complication is extravasation, which should be
looked for

o Rarer complications include damage to the growth plate and infection.
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Post-resuscitation care

e Aims to optimize oxygen delivery and to prevent secondary damage
o Respiratory and cardiovascular support are given as necessary
o Consider the possibility of post-hypoxic seizures:
» EEG (electroencephalography) may be helpful if unable to assess
clinically
» SSEPS (somatosensory evoked potentials) may provide prognostic
information
e Hypothermia is frequently used in the adult population to optimize
neurological outcome after cardiac arrest
o No definitive study on the effect of hypothermia in children after
cardiac arrest
e Some clinicians extrapolate from the adult data and use hypothermia
selectively in children
A\ The causes of cardiac arrest are very different in children compared
to adults—it is unwise to extrapolate from adult studies
e Maintain normothermia to prevent secondary injury associated with
hyperthermia.

Audit

o Unexpected cardiac arrest should be viewed as a serious untoward
incident in the paediatric population

e Each arrest should be investigated for the cause and a thorough
evaluation of avoidable factors carried out

e The aim should be to avoid all cardiac arrests through earlier
recognition of the sick child, whether in the community or in hospital

e The process and outcome of resuscitation from cardiovascular collapse

should be audited and reviewed by the Resuscitation Committee

The standard format for data collection has been agreed internationally

and is termed the Utstein style reporting template.

Stopping resuscitation

o Resuscitation attempts are stopped when there is a return of
spontaneous circulation or on discovery of a valid Do Not Attempt
Resuscitation (DNAR) order

e When resuscitation attempts are unsuccessful, the decision to
stop resuscitation attempts should be taken by the team leader in
collaboration with the resuscitation team

e The decision to stop should be made on the basis of history, response
to treatment, and length of time resuscitation efforts have continued

e When resuscitation attempts are stopped careful evaluation of the
patient must take place looking for signs of life

o A weak pulse or respiratory effort may have been overlooked during
the resuscitation attempt

o [f there are signs of life, ongoing resuscitation care may be re-instituted.
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Based on large outcome studies of children admitted to hospital after
out-of hospital cardiac arrest it is advisable to stop resuscitation efforts
if there has been no return of spontaneous circulation 20min after
arrival in hospital. The situations in which longer resuscitation may be
justified include cardiac arrest associated with severe hypothermia and a
child with arrhythmias associated with a tricyclic overdose.

Do Not Attempt Resuscitation order

e It may be inappropriate to attempt resuscitation for some patients

e Each set of circumstances is unique and should be fully discussed with
the family. Where it is decided that resuscitation in the event of cardiac
or respiratory arrest is not appropriate a DNAR order is documented

e This order should be subject to regular review.

Limitation of Treatment Agreement

o For some patients with a life-limiting illness a DNAR order does not
cover all the possible options

e The palliative care plan may include treatment such as suction, oxygen,
and bag-valve-mask ventilation while excluding intubation and cardiac
compressions

o In the UK the PICS has developed the Limitation of Treatment
Agreement. This formalizes the plans made with families including a
clear written agreement of the palliative care package and limitations.

Witnessed resuscitation

e Many parents want to be with their child during resuscitation attempts

e They may wish to support the child and ensure that ‘everything is being
done’

o Parents need to be supported by a dedicated team member during
and after the resuscitation attempt

o [f the resuscitation attempt is not successful the decision to stop lies
with the team leader rather than the parents

e A parent should not be made feel guilty if their decision is not to
be present but should be similarly supported by a dedicated member
of staff.
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Extracorporeal resuscitation (ECPR)

e Resuscitation using extracorporeal membrane oxygenation
(ECMO, see L1 p.211) for cardiorespiratory support

o A small number of patients worldwide have been placed on ECMO
during resuscitation for cardiac arrest.

o The first use of ECMO was during cardiac arrest in hypothermic
patients where ECMO was used for rewarming

o The use of ECMO has been extended to other cardiac arrest patients
where reversible pathology has caused the arrest and there is a chance
of neurological recovery. This strategy, termed ECPR, requires rapid
deployment for success and is not offered in many PICUs

e Mortality and neurological deficit remain high despite ECPR.

Anaphylaxis

Pathophysiology

o Anaphylaxis is an acute systemic Type | hypersensitivity allergic
reaction to ingested, injected, or inhaled allergen

e This triggers a release from mast cells of large quantities of
immunological mediators (histamines, prostaglandins, leukotrienes)
resulting in:
* Systemic vasodilation
» Oedema of bronchial mucosa (resulting in bronchoconstriction and

difficulty breathing).

Anaphylactic shock can lead to death in a matter of minutes if
untreated.

Immediate management of anaphylaxis (Fig. 3.5)
e Epinephrine is the most important agent:
* Alpha-receptor effects counteract vasodilation whilst beta-receptor
effects increase cardiac output and reverse bronchoconstriction
e |tis recommended to be given via the intramuscular (IM) route
o |t may be given IV rather than IM in the setting of cardiac arrest related
to anaphylaxis, or in the rapidly deteriorating patient:
« Titrate the dose to effect
o Give volume to counteract vasodilatation
e Steroids, salbutamol, and antihistamines are also used as secondary
agents in severe cases (Fig. 3.5).

Indications for intubation
o Airway obstruction
e Cardiorespiratory collapse.
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( Anaphylactic reaction? J
v

Airway, Breathing, Circulation, Disability, Exposure J

When skills and equipment available:

« Establish airway Monitor:

« High flow oxygen « Pulse oximetry
« IV fluid challenge? - ECG

« Chlorphenamine* * Blood pressure

« Hydrocortisone’

\

p
1 Life-threatening problems:

Airway:
Breathing:

Circulation: pale, clammy, low blood pressure, faintness, drowsy/coma

swelling, hoarseness, stridor
rapid breathing, wheeze, fatigue, cyanosis, SpO, < 92%, confusion

J

P
2 Adrenaline (give IM unless experienced with IV

adrenaline)

IM doses of 1:1000 adrenaline (repeat after 5 min if Adf’lt -500 ~ 1090mL
no better) Child - crystalloid

* Adult 500 micrograms IM (0.5mL) 20 ml/kg

« Child more than 12 years: 500 micrograms IM (0.5mL) Stop IV colloid

« Child 6 - 12 years: 300 micrograms IM (0.3mL) P

« Child less than 6 years: 150 micrograms IM (0.15mL)

N N

P
3 IV fluid challenge:

if this might be the
cause of anaphylaxis

Adrenaline IV to be given only by experienced

specialists
\ Titrate: Adults 50 micrograms; Children 1 microgram/kg J{ )
4 Chlorphenamine 5 Hydrocortisone
(IM or slow IV) (IM or slow IV)
Adult or child more than 12 years 10 mg 200 mg
Child 6 - 12 years 5 mg 100 mg
Child 6 months to 6 years 2.5 mg 50 mg
\_Child less than 6 months 250 micrograms/kg 25 mg )

Fig. 3.5 Immediate management of anaphylaxis. Reproduced from Soar | et al.
(2008). Emergency treatment of anaphylactic reactions—guidelines for healthcare
providers, Resuscitation 77: 157-69, with permission of Elsevier.
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Managing the intubation

o If the child has airway obstruction with stridor, call for urgent
anaesthetic and ENT support

o Give epinephrine 10 mcg/kg IM and epinephrine 5mL 1:1000 nebulized

o [fintubation is required the child will require gas induction by an
experienced anaesthetist.

Ventilation

With bronchospasm (3 p.153):

e Use pressure control ventilation(keep PIP <40mmHg) or pressure-
limited volume control ventilation

o Use a slow rate, long expiratory time, and tolerate hypercapnia

e Watch for air trapping (intrinsic or auto-PEEP) and progressive
hyperinflation leading to loss of venous return and collapse in cardiac
output

e Disconnection and manual decompression of the chest may be
necessary (preoxygenate with 100% oxygen beforehand).

Other

e Consider sodium bicarbonate for refractory acidosis after 20min
(0.5-Tmmol/kg/dose IV)

o Epinephrine infusion for bronchospasm and shock

o Consider norepinephrine for resistant vasodilatation.

Investigation
e Blood samples (1mL serum) should be taken for mast cell tryptase
* As soon as possible after the reaction (within 1h)
 3h post reaction
* 24h post reaction
e Ensure labelling with the time of the reaction and time of sample
o A clinician must be identified for follow-up investigations and patient/
parent information
e Refer to the local paediatric allergy service for follow-up.
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Critical care outreach

Paediatric critical care outreach is a system of care that aims to identify

clinically deteriorating hospitalized children, in a timely manner, so that

experienced clinicians can respond to stabilize the child and if needed

transfer them to an area of closer observation or intensive care.

o 5-15% of all children admitted to hospital require an enhanced level
of care and up to 3% need immediate medical assistance for treatment
of actual or impending cardiac arrest

e Failure to identify developing critical illness leads to cardiac arrest with
associated morbidity and mortality

e Warning signs precede unexpected death, unplanned intensive care
admission, and cardiac arrest in 50-90% of episodes

o Children suffer cardiac arrest usually due to poor oxygenation or
infection and seldom (10%) have a cardiac rhythm that would respond
to defibrillation

o On paediatric wards more than half of the patients suffering cardiac

arrest are younger than 1 year of age.

The reported survival after in-hospital cardiac arrest is ~25% in

children, 65% of who show good short-term neurological outcome.

There are, however, concerns of significant neuropsychological deficits

that can only be measured in the longer term

e The implementation of critical care outreach has been shown to lead

to improved survival, a decrease in unexpected cardiac arrest, and an

increase in unplanned intensive care admissions

In 2005 21% of UK hospitals caring for children had some form of

paediatric early warning score in place and 9% had an emergency

response team

e There is no evidence to recommend one system above another and no
scores have, as yet, been fully validated.

Identification of sick children is only a small part of the bigger system. Improved
outcomes need a comprehensive, multilevel systems approach (Box 3.1).

Box 3.1 Outreach system requirements

e Standards for appropriate documentation of observations and
monitoring of hospitalized children

o Improved documentation of the respiratory rate, one of the most

important predictors

Early warning scores embedded into observation charts

Integration with electronic monitoring systems to improve use and

accuracy

Education on recognition of developing critical illness

o Communication of the locally agreed response to early identification

o An experienced emergency response or stabilization team that can
respond to stabilize, treat, or transfer a child developing critical illness

o Sufficient capacity in high dependency and intensive care areas to
monitor and treat patients when required

e A governance and review system that will monitor the effectiveness
of the system and identify all in-hospital cardiac arrest calls as
potentially avoidable life-threatening events.
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Paediatric early warning scores

o Paediatric early warning scores consist of a combination of:
* Physiological parameters
 Diagnostic categories
 Therapeutic interventions
e They should identify clinical deterioration early to encourage timely
intervention

o A limited number of published scores have been adapted and designed
for children

o Developmental physiology requires that normal ranges for respiratory
rate, heart rate, and BP are defined for each age range

e There is poor agreement on cut-off ranges for normal and abnormal

o No score has been fully validated and there is no information about
reproducibility or comparability between the scores

e There are two main forms of early identification—trigger scores and
early warning scores:

o Trigger scores contain a list of physiological, therapeutic or diagnostic
thresholds. When one (single parameter) or more (multiple
parameter) items are transgressed a call for assistance is initiated
Early warning scores are a composite collection of physiological and
therapeutic parameters where increasing deviation from normal
accrues an increasing aggregate score. A call for assistance is made
once a particular threshold score has been reached and in some
circumstances the response can be calibrated to the magnitude of
the aggregate score
e Trigger scores are simple and easy to use but aggregate scores allow

the patient’s condition to be tracked graphically over time.

Emergency response teams

e The response to early identification differs considerably between
systems and is usually adapted to local needs
e This response involves a call for clinical review of the patient and varies
from calling:
* The patient’s own team (junior doctor or consultant)
* Specialized nurses (nurse led outreach)
* A specialized multidisciplinary team (medical emergency team or
critical care outreach team)
* Intensive care doctors
o The optimal model for paediatrics is unknown.
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Monitoring the effectiveness of early

identification and stabilization systems

The UK National Health Service (NHS) Clinical Negligence Scheme for
Trusts (CNST) has set the standard that all NHS hospitals must have an
early warning system in place. This is the first implicit requirement for the
development of paediatric early identification and stabilization systems.

The National Institute for Health and Clinical Excellence (NICE) has
issued ‘Clinical Guideline 50: Acutely ill patients in hospital; recognition of
and response to acute illness in adults in hospital’. This guidance for the
implementation, audit, and monitoring of critical care outreach in adults
follows a systems-based approach.

The recommendation is to collect primary data to ascertain whether the
core quality improvements are being achieved (unexpected cardiac arrests,
non-do-not-resuscitate deaths and unplanned intensive care admissions
per 1000 discharges) and secondary data (survival, length of stay, cost,
staff satisfaction, and turnover) to enable more detailed evaluation of the
system and to assess impact between institutions.

Key points

o Systems for early recognition of the critically ill child should exist in all
hospitals to avoid respiratory and cardiac arrests

e All frontline healthcare personnel should be regularly trained in
resuscitation and resuscitation teams should have team training to
optimize team performance.

Further reading

Devita MA, Bellomo R, Hillman K, et al. (2006). Findings of the first consensus conference
on medical emergency teams. Crit Care Med 34: 2463-78.

Duncan H, Hutchison J, Parshuram C (2006). The Pediatric Early Warning System score: a severity
of illness score to predict urgent medical need in hospitalized children. | Crit Care 21: 271-8.
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on Resuscitation (ILCOR) consensus on science with treatment recommendations for pediatric
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Introduction

Assessment of the new admission to a PICU is an important moment.
Firstly, such patients are, almost by definition, suffering from complex and
multisystem diseases. The history and examination therefore need to be
both broad and thorough, and this can be difficult in sick patients where
there are urgent clinical considerations. However, information from this
early assessment may be crucial to the child’s care, and much more dif-
ficult to obtain later. Also, patients will often require input from more
than one ‘specialist team’ whilst in PICU. Those teams may not maintain
the holistic overview of the whole problem (including social and ethical
dimensions) that is needed, and the intensive care team must be careful to
ensure this is maintained.

The new patient

Immediate responsibilities
ABCs
The first priority when faced with any new patient is to evaluate their vital
functions. Doctors and nurses working in paediatric intensive care often
take responsibility for patients who have been previously looked after by
staff inexperienced in intensive care. These patients need to be reviewed
critically, and staff should remain aware that acute deterioration around
the time of handover can also occur. This basic assessment should not
take more than 2-3min and should precede history taking or note review.

e This approach is comfortable for trainees from an anaesthesia
background but more difficult for paediatric trainees as it is very
different to the approach practised in non-intensive care settings.

o Key aspects of this initial evaluation are shown in Table 4.1.

History and initial assessment

Once it has been ascertained that the patient is, at least in the short term,
adequately stable, then time should be available to take a more detailed
history. An initial history is often from a referring team, but a detailed
history from the primary carers is needed at some point.

Key aspects of the history
o Chronology of current illness
e Previous history:
* Previous admissions
* Previous investigations and results (including those from other
hospitals)
e Social/family history:
o Family tree
 Family history of significant illnesses
* Social history (including social service involvement with family)
e Current drug history
o Allergies.
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When taking a history, there are some important considerations that should
be applied:
e Question the diagnosis. Be sure that you are comfortable that other
possible diagnoses have been considered and evaluated properly
o |s there any possibility of non-accidental injury (NAI)?:
* Unexplained coma in an infant
e Unusual pattern or number of injuries
* Incompatibility between history and examination
» Delayed presentation of significant illness
* Evidence of neglect.

Table 4.1 Initial evaluation

System Issue Check for
Airway Patency Noise (stridor/stertor), effort (sternal tug),
ET tube position
Protection Cough, gag, drooling, conscious level
Breathing Effort Respiratory rate, recession, use of

accessory muscles

Effectiveness Air entry, pulse oximetry O, saturation,
chest expansion, tidal volumes
(if ventilated)

Local signs Crackles, dullness, reduced air entry,
bronchial breathing

Circulation Perfusion Temperature, colour, capillary refill, heart
rate, central and peripheral pulse volume,
BP, urine output, major bleeding

Heart Rate, rhythm, size, murmurs
Disability Brain Conscious level, pupillary reaction
Peripherally Flaccidity (?cord injury), focal signs/
asymmetry

Clinical examination should follow. A full examination should be carefully
documented, directed towards the problems causing admission, but rec-
ognizing that all aspects of the child should be reviewed. Most units follow
a problem-based approach, and so the examination should be focused
around the identified problems, and broadly address each of the major
body systems. A systems list is shown in Box 4.1. This is in no way exhaus-
tive, but will ensure that all areas are considered.
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Box 4.1 A systems list for clinical examination

e Respiratory

o Cardiovascular

® Sepsis

o Fluids and renal

o Gastrointestinal (Gl) and nutrition
e Neurology

o Numbers

e Drugs

e Social.

This systems approach then forms the basis of subsequent management
planning and ensures a comprehensive plan is in place.

Examination should follow the conventional approach, but there are

additional considerations:

e Specific diseases. Depending on the reason for admission, patients may
warrant specific examination techniques in different circumstances.
These are generally addressed in the relevant chapter of this book

e Trauma. Patients admitted following severe trauma will not always have
completed their secondary survey and may be admitted before they
have been log rolled and fully examined. Secondary survey will need to
be completed in PICU

o Neurosurgical admissions. Documentation of focal neurological
abnormalities present on admission, such as weakness or asymmetric
reflexes, is important. Without this, subsequent abnormal neurology
can be difficult to put into context and this may become difficult to
later unravel

o Suspected NAL. In this situation a full examination needs to be
carefully charted including the site of any drips or drains. If such an
examination is not recorded, then the discovery of subsequent injuries
can be difficult to explain and it may make their interpretation more
complicated.

Initial management

By this stage, the major clinical issues should be clear, and an initial
management plan should be put in place. This needs to address the car-
dio-respiratory plan, as well as any unstable organ function (e.g. renal or
neurological problems) that needs immediate attention.

Key issues include a plan for ventilation (ventilator settings, FiO, etc.) and
for maintenance of circulation (inotrope requirement, fluid bolus, etc.).
Baseline fluids should be decided at this time. The detail of this early plan
depends on a number of factors. In relatively stable patients it may be pos-
sible to set out a plan that addresses several hours of care, but often plans
at this stage are designed for the next hour or so while further investiga-
tions or opinions are obtained.

Investigations and interventions

A discussion of the appropriate tests for patients is beyond the scope
of this section. It is fair to comment, however, on two principles that
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should underlie such tests. Firstly, there should be a clear logic behind the
ordering of any investigation, so that the purpose of the test—and indeed
the response to the result—are understood. Secondly, it is crucial that all
tests are recorded in the notes. Many of the more obscure investigations
we initiate may not be reported until long after the child leaves PICU.
Any summary therefore needs to record all outstanding tests and clarify
who is responsible for locating and acting on the results.

Good intensive care is about attention to detail.

Planning

Lastly, a clear plan needs to be put in place for the ongoing care of the
child. For each problem that has been identified, there should be clarity
about the plan and the ‘alarm limits’, that is to say acceptable physiological
parameters and the setting of monitor alarm limits. Each component of
the plan needs to be time limited (‘we will continue with these antibiotics
until Tuesday’) or have clearly defined parameters (‘call me if the mean
arterial pressure falls below 60mmHg’).

Regular assessment

Clinical findings and physical signs change quickly in the critically ill child.

As a minimum a daily examination of every patient is essential.

e |tis very easy for this to be missed but it takes <5min to carry out a
head-to-toe examination and will detect important new physical signs.

Documentation and communication

This is one of the most important, yet often poorly undertaken, tasks in
PICU. The success of any unit depends to a great extent on the wide
variety of experts from other teams who pass through and jointly manage
complex patients. One key role for any intensivist is to be able to facilitate
these different teams and pull together a coordinated plan. This requires
careful documentation and communication to ensure that all parties
involved understand and agree to a common plan.

Changes in patient management should be coordinated through the
PICU team. If multiple teams can make changes directly, for example in
drug therapy, it can result in confusion and a high risk of error.

Important considerations

o Clear and precise notes from medical and nursing staff:

All entries dated and signed (with name and designation)
Legible

Any interventions justified and timed

Treatment cessation (e.g. extubation or central line removed)
similarly recorded

Notes from specialist teams clearly set out

Drug charts fully completed and signed
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e Any discussions and consequent decisions made with the family should
be recorded

o Critical events (e.g. a cardiac arrest) should be detailed as soon after
they occur as possible.

Communication is similarly essential. In a shift-dependent unit, staff changes
will occur 2 or 3 times a day, and the continuity of care is easily lost.
Clear handover arrangements between staff are essential. This includes a
thorough handover from both surgical and anaesthesia staff when a post-
surgical case is admitted to the ICU.

Communication with families needs to be managed carefully to avoid
confusion, especially in patients who are in PICU for prolonged periods.

PICU discharge

Good communication with the ward team is essential:

o A written discharge letter should accompany each patient

o A verbal handover is essential if there are urgent unresolved issues

o [f a trigger or early warning system is in use in the ward area initial
observation type and frequency should be prescribed, along with
thresholds for seeking review.

Summary

Clinical examination and history taking in PICU is an essential aspect of
care. It is made more difficult by the breadth of problems, and by the
complexity of the problems seen. At times the central role of coordi-
nating care with all the teams involved can make it seem like a juggling act
but this is a key role for the PIC team. Careful documentation and com-
munication underpins a unit’s ability to perform well.

Further reading

Kliegman RM, Behrman RE, Jenson HB, et al. (2007). Nelson Textbook of Pediatrics, 18" edn.
Saunders Elsevier, Philadelphia, PA.

Mclntosh N, Helms P, Smyth R, et al. (eds) (2008). Forfar and Arneil’s Textbook of Pediatrics, 7" edn.
Churchill Livingston.

Tasker R, McClure R, Acerini C, et al. (eds) (2008). Oxford Handbook of Paediatrics, pp.19-35.
Oxford University press, Oxford.
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Key components

It is what we think we know that prevents us from learning
(Claude Bernard)

Whilst it may appear to an outsider that ICM is entirely reliant on complex
monitoring systems, this would, in fact, be a gross misunderstanding.
Monitoring is a merely an aid for observing our patients and must never be
used as a substitute for thorough history and clinical examination.

Monitoring systems should be accurate, reproducible, and easily under-
stood. They should be reliable in tracking changes in the patient (i.e. with
minimal delay), but above all they should be relatively painless and free
from major risks.

Advances in microcircuit computer technology and data retrieval have
produced a bewildering choice of systems for monitoring in PIC. As a pae-
diatric intensivist you will need to be able to look beyond the shiny new
machines and concentrate on the key components of monitoring:

o Basic physics

o Principles of measurement

o Advantages and disadvantages of each system.

These key components, combined with a firm grasp of physiological prin-
ciples, will allow the intensivist to interpret data obtained in a critical and,
above all, useful manner.

Basic physics

Knowledge of simple physics is required in order to understand the
function of much of the equipment used by the paediatric intensivist

Units

It is standard to use the International System of Units (SI units).

e Pressure: pressure is measured in pascals (newtons per metre?) and in
mmHg.

Atmospheric pressure (at sea level) = 760mmHg = 101kPa = 1.01 bar
1mmHg = 133Pa = 1.36cmH,0

e Time is in seconds (s)

o Mass is in kilograms (kg)

e Length is in metres (m)

e force is in newtons (N)

o Work and energy are in newton metres (m) or joules (J)
e Power is joules per second (Js~') or watts (W).

Basic definitions

o Velocity is distance travelled per unit time (ms~" or m/s)

o Acceleration is the rate of change of velocity (ms™2 or m/s?)
e force (N) = mass x acceleration.

e Pressure (Pa) is force per unit area = force (N)/area (m?).
e Work (joules) = force x distance (Nm)
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e Energy is the capacity for work. Same units as work
o Power (Js™") is the rate of work = work x time (W).

Matter

Matter can exist in solid, liquid, or gaseous phases:

o |n solids, molecules oscillate around a fixed point

e In liquids, molecules are faster and move more freely
o |n gases, molecules move most freely.

Fluids
e Both gases and liquids are termed fluids:

« Liquids are incompressible and occupy a fixed volume at constant

temperature

 Gases have no fixed volume but occupy the space of any container
Heating a liquid increases the kinetic energy of its molecules,
allowing molecules to leave the surface in a process of
vapourization
Loss of these more energetic molecules leads to reduction in the
energy state of the liquid and cooling. Thus evaporation causes
cooling. This why wet babies get cold quickly
If a gas is compressed it can condense into a liquid
At or above a particular temperature (the ‘critical temperature’)
a gas cannot be compressed into a liquid however much pressure
is applied

* Gases below their critical temperature are called vapours
e Collision of molecules in the gaseous phase with the walls of a

container causes the pressure exerted by a gas:

» The pressure of the vapour above a liquid is called the saturated

vapour pressure (SVP)

* SVP increases with temperature of the liquid (as molecules have
more energy and therefore leave the liquid for the gaseous phase)
When SVP equals atmospheric pressure, the liquid boils
Thus at altitude when the atmospheric pressure is lower, liquids boil
at lower temperature.

Pressure

Boyle’s law

(Robert Boyle, 1627-1691, English scientist.)

e At a constant temperature, the volume (V) of a given mass of gas varies
inversely with the pressure (P):

P=1V
e Thus, a full oxygen cylinder (size E) at a pressure of 137 bar (13,700kPa)

will contain 680L of oxygen. If, during use the pressure on the gauge
falls to 68.5 bar, the cylinder will be half full.

47



48 cHAPTER 5 Physics and clinical measurement

Box 5.1 Dalton’s law and the alveolar gas equation

(John Dalton, 1766—1844, English chemist)

Dalton’s law of partial pressures states that in a mixture of gases in a

container, the pressure exerted by each gas is the same as that which it

would exert if it occupied the container alone.

e Thus, in a cylinder of compressed air at 100bar, the pressure exerted
by oxygen is 21 bar (i.e. 21%)

o The partial pressure of oxygen in atmospheric air (PiO,) can be
calculated:

PiO, = FiO, x Pg = 0.21 x 100 = 21kPa

(Pg, barometric pressure is approximately 100kPa at sea level)

e To calculate the partial pressure of alveolar oxygen PAO,, the
alveolar gas equation is used. This takes water vapour pressure into
account. Thus:

PAO; = [FiO; x (Pe— Prpo)] — (P.CO, = R) + F

(Pra0 refers to SVP of alveolar air saturated with water vapour;
P,CO; refers to the partial pressure of arterial carbon dioxide
which is assumed to be the same as alveolar carbon dioxide
(because carbon dioxide is so soluble in blood); R is the
respiratory quotient (0.8); and F is a correction factor that is
usually ignored)

e Thus breathing air at sea level:

PAO; = [0.21x (101.3 — 6.3)] — (5.3/ 0.8) = 13.3kPa at sea level

o [f one is at altitude, e.g. Mexico City at 2240m above sea level, which
has a barometric pressure of 77kPa, then breathing air:

PaO, = [0.21 x (77 — 6.3)] — (4/0.8) = 14.8 — 5 = 9.8kPa
(mild hyperventilation gives a P,CO, of 4kPa in Mexico City).

Laplace’s law
(Pierre-Simon Laplace, 17491827, French scientist.)
e For a hollow distensible structure, e.g. artery, alveolus or ventricle then:

P = 2T/R or rearranging T = PR/2

Where P is pressure, T is wall tension, and R is radius.
e This has clinical importance when:
* Ventricular cardiac muscle must generate greater tension when
the heart is dilated than when normal size, in order to produce the
same intraventricular pressure. Thus a failing heart must contract
more forcibly to sustain BP. Hence the benefit of reducing preload
» Collapse of alveoli is prevented by surfactant which reduces surface
tension.
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Flow

Flow is the movement of a volume of substance passed a given point per
unit time.

o Flow will only occur if there is a gradient, e.g. pressure or voltage

o Gases and liquids flow down pressure gradients

Flow varies with viscosity

Flow may be laminar or turbulent

Laminar flow is more efficient than turbulent flow, i.e. greater flow per
unit pressure.

Viscosity

e Viscosity is the property of a liquid that resists flow. Viscosity of liquids
decreases with increasing temperature whereas viscosity of gases
increases with increasing temperature

e When viscosity is constant, fluids are referred to as Newtonian.

e Blood is non-Newtonian because erythrocytes distribute themselves
such that viscosity varies with flow.

Laminar flow

e Laminar flow is smooth orderly flow

o Molecules have varying velocities: the faster ones in the axial stream
and the slowest in contact with the wall of the tube (see Fig. 5.1)

e In atube, flow is determined by the Hagen—Poiseuille formula
(see Box 5.2).

Box 5.2 The Hagen-Poiseuille formula

(Jean Poiseuille 1797-1869, French physiologist; Gotthilf HL Hagen
1797-1884, German engineer)

Pressure difference (AP) = flow x resistance (R)

Therefore: flow = AP/ R
The formula for resistance is: R = 8nl/mr
Hence: flow = TAPr/8n!

e Thus we can see that laminar flow is proportional to:

* Pressure difference (AP)

 The fourth power of the internal radius of a tube (r)
e And inversely proportional to:

* Length of the tube (1)

* Viscosity of the fluid (1)
e This only applies to Newtonian fluids
e Blood is non-Newtonian but we apply the Hagen—Poiseuille formula

for simplicity’s sake (see Box 5.3).
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Box 5.3 Applications of flow theory in clinical practice

The most important determinant of laminar flow is tube radius (rf).

Therefore, applying the Hagen—Poiseuille equation: if radius is doubled

then, flow increases 16x for the same pressure gradient (AP). Additionally

halving the length of a tube effectively doubles the flow rate.

e Airway narrowing in infants has a proportionately greater effect on
flow. That is why croup is a disease of children and airway narrowing
is more concerning for the smaller child:

¢ Ifan airway of diameter 4mm develops mucosal oedema of 0.5mm
then the resulting airway diameter will be 3mm (i.e. the radius will
be 1.5mm): assuming constant pressure, airflow will fall from 2* to

1.5% i.e. 16 to 5. Thus airflow will have fallen by >2/3

Stridor is caused by turbulent flow (normal quiet breathing is

laminar)

Reducing the density of inhaled air with helium addition converts

turbulent flow to laminar flow and has been used in airway

narrowing such as croup and asthma

o Transfusion of fluids through IV cannulae (Fig. 5.4):

¢ Flow exponentially improves with wider cannulae

« Flow is better with shorter cannulae

* For rapid infusion, short, wide cannulae are more effective than
long narrow cannulae (e.g. multilumen central lines)

e Endotracheal tubes (ETTs) (Fig. 5.5):

* Flow improves with bigger ETTs, allowing less pressure from the
ventilator to achieve the same lung volumes

¢ Use the widest and shortest ETTs possible to reduce work of
breathing for patients on spontaneous breathing modes, e.g.
CPAP (continuous positive airway pressure) or pressure support).

Turbulent flow

e Turbulent flow is haphazard with eddies and swirls (see Fig. 5.2)

e Varies with density rather than viscosity

o Occurs with sudden changes in velocity, e.g. around bends, narrowings,
or orifices

e Tends to make a noise, e.g. heart sounds, breath sounds

e Requires more pressure to get the same flow rate as laminar flow

o In general, flow is neither purely laminar nor turbulent. Flow may be
laminar until velocity increases to a critical point (critical velocity) at
which flow becomes mixed laminar and turbulent (see Fig. 5.3).
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Fig. 5.1 Laminar flow. Reproduced from Aitkenhead AR, Smith G, Rowbotham,
DJ (2007). Textbook of Anaesthesia. 5 edn. Churchill Livingstone, Elsevier.
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Fig. 5.2 Turbulent flow. Reproduced from Aitkenhead AR, Smith G, Rowbotham,
DJ (2007). Textbook of Anaesthesia. 5% edn. Churchill Livingstone, Elsevier.

Turbulent flow

Critical point

Pressure —— >

Laminar flow

Flow ——>

Fig. 5.3 The relationship between pressure and flow in a fluid. Reproduced from
Aitkenhead AR, Smith G, Rowbotham, DJ (2007). Textbook of Anaesthesia. 5™ edn.
Churchill Livingstone, Elsevier.
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Rowbotham, D) (2007). Textbook of Anaesthesia. 5 edn. Churchill Livingstone,
with permission of Elsevier.
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The Bernoulli principle

(Daniel Bernoulli 1700-1782, Swiss mathematician.)

e This states that as a fluid passes through a narrowing there is an
increase in velocity of the fluid and consequently an increase in kinetic
energy. Because energy must be constant (law of conservation of
energy) then there is a reduction in potential energy reflected in a
reduction in pressure. Beyond the narrowing, velocity decreases to the
initial value (see Fig. 5.6).

o Venturi (Giovanni Venturi 1746—1822, Italian physicist) placed a tube
just distal to the narrowing which has been called Venturi’s injector (see
Fig. 5.7 and Box 5.4).

Vo>V,

Fig. 5.6 Bernoulli principle. Modified from Aitkenhead AR, Smith G, Rowbotham,
DJ (2007). Textbook of Anaesthesia. 5™ edn. Churchill Livingstone, with permission of
Elsevier.

- > > >

Fig. 5.7 Diagram of Venturi injector. Reproduced from Aitkenhead AR, Smith G,
Rowbotham, D) (2007). Textbook of Anaesthesia. 5™ edn. Churchill Livingstone, with
permission of Elsevier.
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Box 5.4 Clinical use of the Venturi injector

o Oxygen therapy: several types of venturi masks are available which
provide oxygen-enriched air. With the correct flow (usually >4L
min"), air is entrained. This results in a total gas flow that exceeds
the patient’s peak inspiratory flow, thus ensuring that the inspired
oxygen concentration is constant

o Nebulizers: these are used to entrain liquid from a reservoir
which may be broken up into a fine mist

e Portable suction apparatus

e Humidification in ventilator—again as superfine mist

o As a driving gas in some ventilators.

Humidification

o Absolute humidity is the mass of water vapour present in a volume of
gas (mg L)

o Absolute humidity increases with increasing temperature, i.e. the
warmer the gas the more water it carries until saturated

o Relative humidity (RH) is the ratio of the amount of water in a gas to

the maximum water capacity (saturated vapour pressure)

Humidity is measured by hygrometers (hair, wet and dry bulb)

When air is drawn into the respiratory tract its temperature is raised

from room to body temperature. Thus, inspired air is fully saturated

(i.e. relative humidity of 100%) by the time it reaches the respiratory

tree. This is mainly done by the nose:

» The SVP in the lungs (at 37°C) is 6.3kPa. The concentration of
water is 44mg L

» The SVP in room air (21°C) is considerably less and carries
18mg L™

e Thus if a patient is ventilated with dry gases, not only will the
respiratory mucosa be damaged but both water and heat will be
lost from the patient. Humidification prevents this.

o Mechanical ventilators in PICU usually use heated water baths to
produce about 25mg L' water vapour. Inspired gas must be 100%
relative humidity at 37°C before inspiration. Inspired gas is heated
above 37°C to produce 90% humidity and then cooled to 37°C in the
tubing just proximal to the ETT to achieve 100% relative humidity

e [f inspiratory gases cool down then ‘rain out’ will occur with water

accumulating in the ventilator tubing

Similarly, cooling of expiratory gases require water traps

Hot water baths can provide a reservoir for infection (if too cold; the

heat prevents bacterial growth) and can burn the respiratory tract

(if too hot).
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Principles of clinical measurement

There are a wide variety of measurement systems available to assess
patient clinical status or response to therapy. These systems are so
common in PICU that the complexity involved in converting high fre-
quency data (e.g. an arterial trace) into a continuous waveform is often
not appreciated. The list of potential problems due to human, electronic,
and mechanical errors is long and errors in measurement can be easily
introduced. Since major decisions are often based on readouts from mon-
itors it is essential that the intensivist has some understanding of the basic
principles involved. Before embarking on aggressive treatments for low
BP or high intracranial pressure it is important to ask the question ‘is this
number correct?’.

Measuring pressure

Pressure can be measured via:

o Manometers: height of the column is proportional to the pressure.
Mercury or saline (for intracranial pressure) can be used

o Aneroid gauge, e.g. bourdon gauges on gas cylinders (‘a-neros’ means
without liquid)

e Transducers, e.g. arterial and central venous pressure lines
(see "Transducers’).

Components necessary for pressure measurements using transducers

include:

o Catheter in place (e.g. arterial, central vein)

o A column of uncompressible fluid to transmit pressure (usually in
non-compliant tubing)

o A mechanical transducer that converts a change in pressure in the
tubing to an electrical signal that can be processed and displayed

o A suitable monitor.

Transducers

e Usually incorporate a diaphragm.

o Movement of the fluid column back and forth causes changes in
flattening of diaphragm which are converted to voltage changes.

e Need to be zeroed at standard reference point on body-generally the
midaxillary line (right atrium).

e Must be repositioned if the patient is moved

e Modern transducers should be zeroed every 12-h shift.

Distortion in measurement

e Damping of a system can distort the true amplitude of a signal

o Overdamping underestimates BP and is caused by:
» Bubbles in the fluid tubing
» Tubing is too compliant
 Tubing is too long (should be kept as short as possible)

e Underdamping leads to overestimation of BP and may be due to
resonance in the system

e Impedance in blood vessels increases towards the periphery
(i.e. more distal) giving higher BP readings.
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Measuring flow

e Flow can be described as movement of a volume per unit time

e Flow and volume are dependent on one another and thus devices in
intensive care that measure flow often also measure volume.

In PICU, measurements of flow are usually for
e Blood flow, namely cardiac output
e Gas supply: generally oxygen/air mixes from:
* Wall or cylinder supply (rotameters)
* Ventilators
o Patient: expired flow is measured for respiratory function tests.

Cardiac output measurement

Measurement of cardiac output in both adult and paediatric intensive care

has a rather chequered history:

e Measured cardiac output is usually indexed to body surface area and
is known as cardiac index. The normal values for cardiac index are
3.5-5.5L/min/m? regardless of patient age and size.

o Pulmonary artery catheterization and thermodilution was considered
the best ‘standard’ of measurement but the risks associated with its use
outweigh the benefits

e Errors of measurement in all techniques are considerable but trends
may be useful (assuming measurement artefacts are constant)

e There is no evidence that measurement of cardiac output specifically
improves outcome in children (and evidence is debatable in adults)

o Consequently it is not common to see cardiac output monitors in
PICU

There are 3 different approaches to measuring cardiac output based on

different principles.

o Indicator dilution and other techniques based on the Fick principle
(Box 5.5)

o Doppler ultrasonography

o Thoracic electrical bioimpedance.

Box 5.5 The Fick principle

e The Fick principle defines flow by the ratio of uptake or clearance
of a tracer within an organ to measurements of the arteriovenous
difference in concentration. In practice, the tracer is oxygen: thus
oxygen consumption is measured and related to arteriovenous
oxygen content difference. The technique has been used for cardiac
output as well as cerebral and renal blood flow. With no major
cardiac shunt, cardiac output = pulmonary blood flow, and:

Pulmonary blood flow = oxygen consumption
arterio — venous oxygen content difference
e Traditional techniques for measurement of oxygen consumption
and content required the use of spirometry and a co-oximeter
respectively. Portable metabolic monitors have been used but are
hampered by errors. Mixed venous oxygen content is calculated
from the pulmonary artery samples.
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Indicator dilution

o This technique requires a pulmonary artery catheter (PAC)

e Anindicator is injected as a bolus into the right heart (via a central
venous port in the PAC) and the concentration measured downstream
is plotted against time

The cardiac output during the period of measurement is the ratio of
the dose of indicator to the average concentration and is calculated
from the area under the concentration—time curve

Cardiac output = indicator dose
average concentration x time

The smaller the curve the higher the flow, i.e. the higher the cardiac

output (Fig. 5.8)

o [ndicators used include dye (indocyanine green) but more commonly
cold saline or water (thermodilution) was used with a PAC (the
temperature detected by a thermister in the pulmonary artery and was
plotted against time)

e More recently lithium chloride has been used as an indicator in adults
and children

e This technique cannot be used with an anatomical shunt or with

significant valve regurgitation and thus has limitations in congenital

heart disease.
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Fig. 5.8 Concentration—time curve for injection of dye and calculation of flow.
Modified from Pocock G, Richards CD (eds) (2006). Human Physiology: The Basis of
Medicine, 3¢ edn. Oxford University Press, Oxford.
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Arterial pulse contour analysis (PICCO®, LiDCO®)

e The arterial pressure waveform (from a peripheral arterial line) varies
with left ventricular stroke volume and inversely with resistance

o Cardiac output is measured (usually by thermodilution) and arterial
waveform is ‘calibrated’

o The arterial (pulse) contour is then analysed by microprocessors to
give continuous cardiac output and stroke volume measurement

e This technique requires regular recalibration of the cardiac output
with the thermodilution.

Doppler ultrasound

o Cardiac output is measured using Doppler ultrasound

o Blood velocity is calculated from the frequency shift of reflected
ultrasound waves using the Doppler principle

o Measurements are taken from the aorta via transthoracic (sternal)
or transoesophageal probes

o Aortic diameter is necessary and is calculated from a normogram
(available for children)

e The assumptions inherent in the normogram produce an error in
cardiac output unique to each patient

e This technique is relatively non invasive and trends of measurement can
be followed with some confidence.

Echocardiography
Echocardiography in the hands of a skilled operator provides a vast
amount of functional information as well as morphological diagnosis
o Valve regurgitation
e Shortening and ejection fraction
o Diastolic function, chamber dilatation, regional wall dysfunction,
and chamber interdependence.

Bioimpedance

e The thorax is regarded as an electrical conductor whose impedance is
altered by blood volume and velocity with each heartbeat

o Electrodes are placed on the chest (or neck or abdomen)

o Stroke volume and hence cardiac output are calculated

e Not commonly used in intensive care.

Measuring gas flow and volume

Measurements of gas volumes depend on collecting the gases in a cali-
brated spirometer or passing the gas through some type of gas meter.

Spirometers

e Dry spirometers, e.g. ‘the Vitalograph’, are used for lung function
testing

e Gas displaces a rolling diaphragm or bellows and the volume is
recorded by a stylus on a volume—-time chart

e Vital capacity, forced vital capacity, and forced expiratory volume in
1s are measured (see Fig. 5.9).
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Fig. 5.9 Diagram of spirometer readings. FEV, forced expiratory volume in 1s;
FVC, forced vital capacity; PEFR, peak expiratory flow rate. Reproduced from
Aitkenhead AR, Smith G, Rowbotham, D] (2007). Textbook of Anaesthesia. 5™ edn.
Churchill Livingstone, with permission of Elsevier.

o Spirometry is particularly useful in assessing respiratory muscle strength
in Guillain—Barré disease and myasthenia gravis

e Spirometry is only feasible in older children as it requires active
cooperation of the patient.

Measurement of gas flow rate

The rotameter

e Variable orifice constant pressure flow meter, i.e. works on the
principle that the orifice through which gas flow enlarges with
increasing flow rate so the pressure difference across the orifice stays
constant

e Consists of a graduated vertical glass tube containing a bobbin which is
conical shaped—increasing flow pushes the bobbin up the tube
(Fig. 5.10)

o Rotameters are calibrated for the density and viscosity of a particular
gas and can be only used accurately for that gas

e Rotameters are commonly used for oxygen, air, and nitrous oxide,
and used in wall outlets, gas cylinders, and anaesthetic machines.

Peak flow meters

e Used for measuring air flow rates up to 1000L min~"

e Airflow causes a vane to rotate or a piston to move against the
constant force of a light spring

e The maximum reading corresponds to the peak expiratory flow

o Accuracy demands good technique, i.e. held horizontally (minimizes
effect of gravity) and rapid exhalation

o Used to assess asthma.
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> >
Fig. 5.10 Diagram of rotameter. Reproduced from Aitkenhead AR, Smith G,

Rowbotham, D) (2007). Textbook of Anaesthesia. 5% edn. Churchill Livingstone,
with permission of Elsevier.

Pneumotachograph

e Variable pressure constant orifice flow meter

o Measures flow rate by sensing pressure drop across a small but laminar
resistance

o Very sensitive and used mainly in respiratory and anaesthetic research.
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Vascular access

Peripheral venous access

Almost all paediatric patients admitted to ICUs will require some form of
IV access. Cannulation of small paediatric veins can be a challenging exer-
cise, particularly if the children have had previous NICU/PICU admission.
See Box 6.1 and Table 6.1.

Peripheral cannulae should be secured firmly with clear dressings.
Cannulation of ‘tissue’ regularly and inadvertent extravasation of drugs
into subcutaneous tissue can cause significant skin necrosis (see Box 6.2).
Limbs must never be wrapped in bandages or secured in such a way as to
hide the cannula site or its surrounds.

Box 6.1 Choice of cannula for rapid infusion

o Flow of fluid through a tube is subject to Hagen—Poiseuille’s law,
i.e. it is inversely proportional to viscosity and length and directly
proportional to the pressure difference and the radius to the power
of 4 (see L) p.49)

o If rapid infusion is required, the best cannulae to use are the shortest
with the widest diameter, e.g. peripheral cannulae

o Multilumen central lines guarantee access but are not optimal for
rapid transfusion

o Syringing the fluid from a 3-way tap will allow for rapid infusion but
pressure applied should be minimized with rapid blood transfusion in
order to avoid haemolysis and hyperkalaemia.

Table 6.1 IV cannulae, typical dimensions, and flow rates (UK)

Gauge Diameter (mm)  Length (mm) Flow rate (mL/min)
24G 0.7 19 24

22G 0.9 25 36

20G 1 32 55

18G 12 40 90

16G 17 42 170

14G 2 45 250
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Box 6.2 Treatment of extravasation injury

Extravasation of drugs, particularly inotropes, into skin and subcuta-
neous tissues from IV cannulae can cause extensive damage and result in
significant disabling and disfiguring injury. Early recognition and prompt
management can reduce the impact of such injuries. If possible avoid
obscuring the site of IV cannulae (use clear dressings) and regularly
check all insertion sites.

Extravasation injury treatment involves the infiltration of hyaluronidase
to break down and hydrolyse the hyaluronic acid of connective tissue.
This allows saline to be flushed through subcutaneous tissues to achieve
dilution and removal of the extravasating agent. It is imperative that the
procedure is begun as soon as the injury is discovered.
e What you need:
« Sterile gloves and sterile pack
A skin cleaning agent such as chlorhexidine
¢ 1500 units hyaluronidase
¢ 0.9% normal saline
e 21G needle, 22G cannula, 20mL syringe, and 1% lidocaine
o Hyaluronidase infiltration:
« Infiltrate the area with 1% (10mg/mL) lignocaine (<max. dose
3mg/kg)
« Infiltrate the subcutaneous tissues extensively with hyaluronidase.
Neonate: 500-1000 units; infant or older: 10001500 units
Saline washout:
* Insert 20G cannula across extravasation so cannula exits skin on
the other side
Remove needle from cannula and attach 20-mL syringe of saline
Slowly withdraw cannula across area whilst flushing with saline
Repeat 2 more times with a new entry/exit site each time. There
should now be 6 puncture sites
Insert cannula into any of the puncture sites and flush with 20-mL
aliquots of saline. Saline should emerge from the other puncture
sites. Repeat this process—neonates: 60mL; infants/small children:
60-240mL; adolescent: 500mL
o Dress site with sterile material and elevate for 24h. Review the site
every 6h and consult plastic surgeons if possible
Remember that this procedure can be very painful. Please use
sedation and local anaesthetic
Photographic records (before and after infiltration for several days)
are recommended if possible
o |f infection supervenes then start IV antibiotics.
Adapted from protocol by Dr R. Matsas, Dr A Shefler, and Mr H Giele.



VASCULAR ACCESS ¢85

Intraosseous access (I0A)

IOA is widely recommended in emergency situations where peripheral
access is difficult

IOA is safe, reliable, and a rapid way of administering fluids,
medications and blood products into the circulation

IOA is appropriate in children aged 07 years (including neonates);
however it can be attempted in patients of any age

Contraindications include bony fractures and obvious overlying
infection due to possibility of disseminating infection

Usually a needle containing a trochar is used but if these are not available
lumbar puncture (spinal needles) can be used (the largest available).

Sites

Anteromedial surface of proximal tibia: 1-3cm below tibial tuberosity
Flat portion of distal tibial surface: proximal to medial malleolus angled
10-15° cephalad to avoid epiphyseal plate

Anterolateral surface of distal femur: 3cm above the lateral condyle.

Technique

Apply gloves for patient and personal protection

Clean site with alcohol or appropriate cleaning solution wipes
Position and stabilize patient

Insert the needle at 90° to the skin

Continue to advance the needle using a rotational motion until a loss
of resistance is felt. Avoid rocking the needle side-to-side as this may
enlarge the opening into the bone and promote extravasation

Once loss of resistance is felt, remove the trochar and attempt to
aspirate marrow. Often it is difficult to aspirate

Flush with appropriate fluid looking for signs of extravasation

Secure needle

Complications include local infection, rarely, cellulitis or osteomyelitis
(t in prolonged 1O use), fluid extravasation, local haematoma and pain
Once correct placement is confirmed, drugs and fluids (crystalloids,
colloids, blood products) can be infused via the 1O route. Drugs will
require a flush and rapid infusion can be given with gentle pressure
from a syringe. As soon as feasibly possible alternative IV access should
be sought. The longer the IO needle is in use the greater the risk of

complications.
&\(/QC?

7

Fig. 6.2 Intraosseous access.
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Cardiovascular monitoring

Electrocardiography
o All patients should have continuous ECG monitoring
o Standard ECG monitoring is with 3 leads—2 on the chest and 1 abdominal
o Readings are commonly taken from lead Il
o Rate is determined by detecting QRS complexes and averaging time for
3 beats or more
e Often incorporates respiratory plethysmography to determine
respiratory rate
e Visual display of waveform allows for detection of arrhythmias and
occasionally ischaemia (ST depression) but can only be confirmed on
formal 12-lead ECG
e Alarms generally detect tachycardia, bradycardia, and arrhythmias.
ST segment analysis can be unreliable
e In PICU tachycardia may be an indication of:
 Fever
 Pain
e Anxiety
« Circulatory insufficiency
e Hypoxaemia
* Hypercapnia
e Bradycardia may indicate:
¢ Hypoxaemia
* Drug side effects.
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Blood pressure measurement (sce Box6.3)

Blood pressure (BP) is an indirect measurement of perfusion:
BP=QxR
where Q is blood flow (i.e. cardiac output) and R is vascular resistance.

4 parameters are measured:

o Systolic pressure

o Diastolic pressure

o Pulse pressure (systolic—diastolic)

e Mean arterial pressure (MAP), i.e. diastolic pressure plus 1/3 pulse
pressure.

Box 6.3 Non-invasive blood pressure

The manual method was first described by Nikolai Korotkoff in 1905. The

more recent automated method (e.g. Dinamap®) which is microprocessor

controlled is standard on PICU:

o Cuff inflates to above systolic pressure and then deflates
incrementally whilst pulsations are detected by a transducer

o Dinamap® readings have been validated in children

e Errors commonly arise from incorrect cuff size—narrow cuffs

overestimate and wide cuffs underestimate pressure

Cuff width should be 40% of the mid-point circumference of the limb

and length should be twice the cuff width

Measurements are inaccurate with arrhythmias and hypotension

Thigh readings are generally higher than arm readings.
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Invasive arterial pressure monitoring

Arterial catheter placement is used commonly in ICU for:

e Continuous systemic BP monitoring. Particularly during IV fluid
resuscitation or inotropic support

o Serial arterial blood gas (ABG) analysis

o Calculating cerebral perfusion pressure when intracranial pressure
monitoring is used.

Insertion of arterial cannulae

Arterial access requires a certain amount of skill and experience.
Techniques vary and the skill necessary for success must be clinically taught
and cannot be learnt through a book. It is essential that the child stays still
and attention to sedation and paralysis is imperative for success. Arterial
lines can be placed in a manner similar to a peripheral venous cannula
or a transfixation technique can be used. Either way a Seldinger wire may
assist in difficult patients.

Sites

o In newborns the most commonly used site for arterial cannulation is
the umbilical artery or radial artery.

e In older children the radial, posterior tibial and dorsalis pedis arteries
are the preferred sites due to the presence of collateral supply in the
hand and foot.

o The femoral arteries can be used.

The brachial arteries should be avoided as there is limited collateral

circulation

e One should regularly examine limbs with arterial catheters, looking for
signs of ‘arterial supply.

Cannulae

Arterial catheters are inserted using aseptic technique and either by percu-
taneous catheterization or rarely by direct arterial cutdown. The smallest
bore catheters which provide reliable monitoring as well as sampling
should be used to avoid decreasing the arterial flow.

A recommendation is:

o 24G—extremities of preterm infants
o 22G—term to 30kg children

e 20G—larger children.

Equipment and mechanism of action

o An arterial catheter is inserted into the selected artery. Commonly a
specifically designed arterial set is used which comprises a column of
saline, a flushing device, and transducer. The transducer is connected
to an amplifier and oscilloscope which in turn relays the information
to the monitoring equipment. As the column of saline moves back
and forth with each arterial pulsation a pressure wave is generated,
resulting in an arterial pressure waveform (see [ p.70)
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It is vital that the transducer is kept at heart level (mid axillary line is
right atrial level, if supine). Changes in patient position (e.g. sitting up
or head-up tilt) or bed elevation will produce changes in the pressure
readout if the transducer is not repositioned

o A continuous slow (1mL/h) arterial infusion (of heparinized or
non-heparinized saline) is required to maintain patency of the artery
and to prevent the migration of blood into the tubing and transducer.

Interpreting the arterial waveform (Fig. 6.3)
e The information gained from an arterial trace includes:
* Heart rate
 Pulse pressure
o Left ventricular contractility
* Stroke volume
 Vascular tone or systemic vascular resistance
o The MAP is the average throughout the cardiac cycle. Stroke volume
is proportional to the area under the arterial curve up to the dicrotic
notch (closure of aortic valve)
o The slope of the upstroke of the wave represents myocardial
contractility (dP/dt). A slow rise upstroke can indicate poor myocardial
contractility and the need for inotropic support
Short systolic time (beginning of systole to dicrotic notch) is seen with
high peripheral resistance and hypovolaemia
o A steep downstroke and low dicrotic notch is seen with vasodilatation
and low peripheral resistance e.g. sepsis.
o ‘Swinging trace’ (Fig. 6.4) with respiration (pulsus paradoxus) is seen in:
¢ Hypovolaemia
¢ Pericardial effusion
» Asthma (in non-ventilated patients—'pulsus paradoxus’)
* High PEEP or high peak pressures (with IPPV).
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dP/dT

//M / o

Fig. 6.3 Normal arterial waveform. Myocardial contractility can be estimated
from the gradient of the upstroke dP/dt. Reproduced from Hughes J, Ali T (2004).
Understanding simple monitoring in paediatric intensive care. Current Paediatrics
14: 45964, with permission of Elsevier.

Aup

Adown

Fig. 6.4 Diagram of swinging trace. Reproduced from Hughes J, Ali T (2004).
Understanding simple monitoring in paediatric intensive care. Current Paediatrics
14: 45964, with permission of Elsevier.
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Damping

e [tis important that the system is correctly damped. An underdamped
system will give a ‘spiky’ waveform and will overestimate systolic
pressure

e A common problem in PICU is the overdamped system with ‘rounded’
waveforms is seen. This is underestimates systolic pressure and is often
misdiagnosed as hypotension

e To check for damping, briefly flush the system and see if the waveform
and pressure reading changes. A correctly damped system should
return to the waveform immediately. If the system is overdamped the
return is slow. A brisk flush may correct an overdamped trace

o Overdamping may be due to air bubbles in the line or pressure tubing
that is too long or too compliant.

Tips and warnings

o The arterial waveform should be displayed continuously to alert one
to damping or changes in the waveform

o Arterial lines should be labelled carefully—inadvertent drug injection
may cause distal arterial vasospasm and significant damage

o Watch for tissue ischaemia distal to the cannula

o Arterial thrombus does occur but rarely causes significant ischaemia or
necrosis

o |nadvertent disconnection will cause bleeding

e Local infection is rare (+ 20%) and systemic infection even rarer

o Rarely arterial venous fistulae have been reported.

Underdamped
Overdamped

Pressure
Pressure

Time Time

Fig. 6.5 Diagram of underdamped and overdamped traces.
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Central venous pressure monitoring

Central venous lines are common in the PICU. They allow for:

o Measurement of central venous pressure (CVP)

o Secure and reliable IV access

o Administration of hypertonic solutions or drugs which require central
administration such as inotropes or total parenteral nutrition (TPN)

e Measurement of central venous oxygen saturation (SvO,) and acid—
base balance

e Transvenous cardiac pacing.

Central venous pressure
o CVP uses the same electromechanical pressure transducers as arterial
pressure monitors
e The recommended position of the tip is at the junction of right atrium
and heart (on chest X-ray—CXR) or in the inferior vena cava (IVC)
below the renal veins (L3) if femoral
e CVP monitoring is used to provide an estimate of right atrial pressure
and therefore right ventricular end-diastolic pressure provided the
patient has a normal tricuspid valve.
o CVP varies with:
¢ Intravascular volume
* Right heart function
* Intrathoracic pressure
* Venous tone
o Primarily CVP is used as a marker for intravascular volume status
e The normal CVP trace has 3 waves: a, ¢, and v:
e The a wave represents atrial contraction, the ¢ wave is caused by
ventricular contraction against the closed tricuspid valve, and the v
wave represents atrial filling.

R
[ )b/;_
ART I\/\ M\
\j J

CVP
~A L.
\ 7y

Fig. 6.6 Simultaneous ECG, arterial, and CVP waveforms. Reproduced from
Hughes J, Ali T (2004). Understanding simple monitoring in paediatric intensive care.
Current Paediatrics 14: 459—64, with permission of Elsevier.
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Interpretation of central venous

pressure

Generally hypovolaemia is associated with a falling CVP and right heart

failure with a rising CVP. Absolute figures are rarely of use with CVP

interpretation. Far more useful is the trend, either up or down.

o CVP varies with intrathoracic pressure and thus ventilation:
» Normal spontaneous inspiration produces a fall in CVP whereas

mechanical positive pressure ventilation causes a rise in mean CVP

* Positive end-expiratory pressure (PEEP) may also increase the CVP
» CVP is best measured at the end of expiration

o Elevated pulmonary artery pressure can cause elevated CVP and mask
hypovolaemia (e.g. in severe acute lung injury)

e The early signs of hypovolaemia (Box 6.4) may be masked by an
increase in venous tone which may initially maintain CVP

o Cardiac tamponade and pericardial constriction can cause elevated
CVP in association with falling BP

e Cannon waves on CVP are large ‘a waves’ associated with
atrioventricular asynchrony or junctional rhythm when the atrium
contracts against a closed tricuspid valve.

Box 6.4 The fluid challenge

Hypovolaemia will result in organ failure if not treated rapidly. Circulatory
volume must be restored before any other forms of cardiovascular
support are used. Clinical signs of hypovolaemia such as tachycardia
and slow capillary refill are useful but low CVP and hypotension are
‘late’ signs. Clinical suspicion should be confirmed by raising the legs
of a supine patient (in a larger child) or gentle liver compression which
can give an ‘endogenous’ fluid challenge—if this results in a better
BP and a higher CVP, then the patient may benefit from further volume
resuscitation. Otherwise an ‘exogenous’ |V fluid challenge should be
used.

Rate and choice of fluid

The aim is to achieve a rapid intravascular expansion (there is no point
in giving fluid slowly if the patient is losing fluid at a faster rate). Crystalloids
(10-20mL/kg) or colloids, blood, or blood products (5-10mL/kg) can
be given over 10-20min. Crystalloids will leak from the circulation
into the extracellular fluid and larger volumes may be needed more
often.

Assessing the response

The response of heart rate, BP, and CVP should be monitored during

the challenge:

o [f there is no or little improvement (i.e. CVP rises <2mmHg) then
further fluid is required, and the challenge should be repeated

(Continued)
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Box 6.4 The fluid challenge (Continued)

e Animprovement in these parameters indicates that the child
needed the volume. Often the improvement in CVP is short lived
(i.e. CVP rises and then falls) indicating that further fluid challenges
are required. This occurs when the patient has compensated for
hypovolaemia with veno- and vasoconstriction. This tends to occur in
the older child (>1 year). It may also indicate that circulating volume
is continuing to be lost from, for example, bleeding or capillary leak.

o A large rise in CVP (>5mmHg) that is sustained indicates that the
patient is adequately filled and fluid resuscitation should be stopped
for the time being.

CVP-PAOP

>5 mmHg

3 mmHg
<3 mmHg
Blood volume
Stroke volume

Blood volume
Under filled
Well filled
Over filled

Fig. 6.7 CVP and stroke volume response to fluid challenge. Modified from
Singer M, Webb AR (2009). Oxford Handbook of Critical Care, 3" edn. Oxford
University Press.
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Central venous catheter insertion

Types of catheter

e Multilumen catheters

o Large-bore double lumen catheters for haemofiltration
e Single-lumen cannulae

o Tunnelled lines for long-term use (e.g. Hickmann line).

Insertion of central venous lines

o |n neonates, percutaneous peripheral central lines are commonly used

and veins routinely used include the median basilic and long saphenous

veins. Numerous other veins have been used with success

In infants and older children the commonly used sites are the femoral

and internal jugular veins. The subclavian veins can be used but have

the disadvantage that if excess bleeding occurs (from inadvertent
arterial puncture or coagulopathy) then one cannot press directly on
the vessel to stem the flow. Pneumothorax is also more common via

the subclavian approach (Fig. 6.8)

e The percutaneous approach using the modified Seldinger technique is
generally the most widely used and most successful method for central
venous cannulation (see Fig. 6.9 and Box 6.5)

e Extreme caution should be used in patients who are coagulopathic.
The subclavian route is to be avoided and clotting factors and platelets
should be given if possible

e [f available, it is recommended to place internal jugular lines and
subclavian lines under ultrasound control

e Central lines have been associated with vessel and heart perforation.
It is recommended that the tip does not lie within the heart.

Management of central venous pressure lines

o Central lines can last up to 2 weeks but should not normally be used
for longer

e Central line lumens block easily and require continuous infusion of
(heparinized) saline

e There is some evidence that heparin-bonded central lines have less
thrombotic complications and lower infection rates

e Ifinfection is suspected, remove the line and send the tip for bacterial
culture. Avoid central access if possible. Appropriate antibiotics,
e.g. vancomycin for coagulase-negative staphylococci, should be given
for 1 week or 1 week from the last negative blood culture

o Culturing from the lumens, e.g. blood cultures taken through the
lumens, can be misleading and may represent colonization of the
catheter. Positive peripheral blood cultures are preferred for diagnosis.
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Subclavian vein
Internal jugular vein

Twin insertions of
sternocleidomastoid muscle

External jugular vein

(b) Femoral neurovascular bundle

Fig. 6.8 (a) Central venous catheterization—Trendelenburg position. (b) Technique
for femoral vein catheterization. Reproduced from Levin DL, Morriss FC (1997).
Essentials of Paediatric Intensive Care, 2" edn. Churchill Livingstone.
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Fig. 6.9 Percutaneous venous access—Seldinger technique. Reproduced from
Levin DL, Morriss FC (1997). Essentials of Paediatric Intensive Care, 2" edn. Churchill
Livingstone.

Box 6.5 Seldinger technique

Femoral venous access

This should be an aseptic procedure with appropriate analgesia, sedation,

and paralysis.

o Position patient with leg externally rotated and everted at the hip

o Palpate femoral artery just below the midpoint of the inguinal ligament
(runs between anterior superior iliac spine and symphysis pubis)

o Using a needle attached to a syringe the vein is entered just medial
to the femoral artery about 1-2cm below the inguinal ligament. Enter
the vessel at an angle of 45° aiming for the umbilicus

e Once the vein is punctured the syringe can be carefully removed and
using the Seldinger technique a flexible guidewire can carefully be
inserted in the vein. The wire should advance with no resistance

e Once the wire has been passed easily the needle can be removed.
The catheter is then placed over the guidewire and advanced into
the vessel. A dilator may be needed to enable passage of the catheter
through the fascial planes

(Continued)
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Box 6.5 Seldinger technique (Continued)

e Once the catheter is in the appropriate position, the guidewire is
removed, the catheter secured and covered with an appropriate
occlusive dressing

The catheter can then be connected to the appropriate infusion and
monitoring devices

o Catheter position should be confirmed radiologically. Ideally the
catheter tip should lie below the level of the renal veins, i.e. L3
Complications include vascular damage, arterial puncture, infection,
air embolism, haematoma, damage to femoral head, peritonitis,
thrombosis.

Internal jugular venous access

This is a fully aseptic procedure (gown and gloves) and requires appro-

priate analgesia, sedation, and paralysis.

e Position the child head down with a pad beneath the shoulders and
the head turned away from the proposed cannulation site

e There are numerous approaches but the most widely used puncture

site is at the junction of the sternal and clavicular heads of the

sternocleidomastoid muscle. The vessel lies just anterior and lateral

to the carotid artery

Identify vein with ultrasound probe (if available)

Insert the needle at an angle of 30° aiming for the ipsilateral nipple

(i.e. away from the carotid artery), gently aspirating while advancing.

If the vein has not been pierced in 2cm withdraw the needle with

continuous gentle aspiration and try again. The angle may need to be

adjusted slightly laterally or medially

e Once the vessel is penetrated, disconnect the syringe, occluding the
needle end to prevent air entry and blood loss, and insert the guide
wire into the needle

e Remove the needle, making sure the wire remains in the vein.

Advance the catheter over the wire which then can be removed

Secure appropriately

Obtain CXR to confirm position. The catheter tip should lie in the

superior vena cava (SVC) just outside the pericardial reflection

Complications include pneumothorax, haematoma, arterial puncture,

infection, and thrombus.

The pulmonary artery catheter

Although pulmonary artery catheters (PACs) have been in clinical use
for >30 years in adult ICU, in recent years there has been a trend away
from their usage as large randomized trials have shown that they are of
limited benefit and carry appreciable morbidity. Additionally, new and less
invasive cardiac output monitors have been introduced such as Doppler
ultrasound and pulse contour analysis.

PACs are rarely used in the paediatric population:

o Despite the advent of small-gauge PACs they remain relatively large
and difficult to insert. The incidence of associated iatrogenic problems
is significant
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e There is no reliable index in children of the many variables measured
by a PAC, thus limiting its use.

Indications/uses

e PACs are usually inserted in cardiac patients in order to measure PA
pressures in patients with pulmonary hypertension

e Cardiac output is rarely measured (thermodilution) and is inaccurate in
patients with intracardiac shunts

e The balloons on paediatric PACs are usually not inflated and
pulmonary artery occlusion pressure (PAOP) is rarely measured in
smaller children. PAOP (with balloon inflation) approximates to left
atrial (LA) pressure. Direct LA pressure is generally preferred if LA
pressure is desired (see [ p.80)

o Derived variables such as vascular resistance, ventricular stroke work
index, and oxygen delivery and consumption are rarely used in PICU.

Practicalities

e The PAC is inserted through a large-bore cannula in a central vein
(femoral is easiest in children)

o Paediatric sizes are available:
 7F (adult): for adolescents
o 6F: >18kg
* 4-5F: 10-18kg
* 3F: <10kg

e Complications include infection, thrombus, bleeding, tamponade,
PA rupture, and systemic air embolus with R-to-L shunts.

Pulmonary occlusion
pressure or left atrial

! ) ressure
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Fig. 6.10 The pressure waveforms encountered during insertion of a pulmonary
artery catheter.
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Direct pulmonary artery and left
atrial pressure lines

Whilst it is almost mandatory that a postop cardiac patient has 1 or more
CVP lines in place, occasionally patients with complex cardiac disease or
at risk of pulmonary hypertension may have direct PA or LA catheters
inserted through the PA or LA wall by the surgeon in the operating
theatre. Pressure readouts and waveform give a rational basis for manipu-
lating heart rate, intravascular volume, pulmonary and systemic vascular
resistances, and myocardial contractility.

PA lines

e Monitor pulmonary hypertension, e.g:
* Long term L to R shunts, e.g. atrioventricular septal defect (AVSD),
truncus, unrepaired transposition with VSD
» Newborn neonates—high pulmonary vascular resistance (PVR)
* Pulmonary venous obstruction—total anomalous pulmonary venous
drainage (TAPVD) or pulmonary vein stenosis
o Normal PA pressure in children is 10-20mmHg (mean 13mmHg)
e Mean PA pressure in ventilated postop cardiac patients is often
>15mmHg but should be <25mmHg
o PA lines allow for saturation data that can identify residual L-to-R shunts.

LA lines
o LA pressure is unaffected by PA pressure and reflects left ventricular
end-diastolic pressure. It is raised in:
* Left ventricular failure secondary to myocardial dysfunction
(e.g. from ischaemia or post bypass) or from outflow tract
obstruction (pressure load) or aortic regurgitation (volume load)
* Mitral regurgitation
» Volume overload or massive L-to-R shunt.
o LA pressure is usually 1-3 mmHg higher than CVP (RA pressure)
Normal LA pressure in ventilated postop cardiac patients is >6 mmHg
and <14mmHg.
Low LA pressure is caused by hypovolaemia (see Box 6.6 CVP vs LAP)
LAP and CVP are elevated in cardiac tamponade.
Raised LA pressure leads to pulmonary venous hypertension and
pulmonary oedema by increasing hydrostatic pressure across the
pulmonary capillary wall (see L p.240).

Box 6.6 CVP vs. LA pressure

In children with significant pulmonary hypertension CVP can be misleading.
It may be raised secondary to raised PA pressure despite the patient
being hypovolaemic. Consequently when the patient is hypotensive it
can be difficult to know whether to give volume, increase inotropic support,
or use pulmonary vasodilators. In this situation a low LA pressure is an
indication for intravascular volume replacement despite a high CVP.
Volume can be titrated in fluid challenges in exactly the same way as
recommended for CVP (see [ p.73) and pulmonary dilators or inodila-
tors should be considered.
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Precautions

e Complication rates from intracardiac catheters are 1-2 %, namely
bleeding

e Try to remove LA and PA lines early, i.e. on day 1 or 2 post surgery

e Correct all coagulopathy (including platelets) before removal

o Keep at least 1 patent postop drain in situ in order to monitor bleeding
when catheters are removed.

Skilled echocardiography and improved patient selection over recent
years (i.e. before pulmonary hypertension becomes too severe) have
reduced the need for PA and LA catheters.

Pulse oximetry

e The advent of pulse oximetry in the 1980s was a major medical
advance. It now has widespread use in modern hospitals (but see Box
6.7 for limitations).

o Pulse oximetry gives a continuous measure of haemoglobin saturation
with oxygen (Sa0,) and thus provides a useful monitor of patient
oxygenation (see Box 6.8).

Principles

o Pulse oximeters combine the principles of plethysmography and
oximetry to non-invasively measure oxygen saturations. A pulse
oximeter transmits 2 different wavelengths of light (660 and 940nm),
both of which have different absorption spectra for oxygenated and
deoxygenated haemoglobin

o A light-emitting diode transmits light through an arterial bed such as
the finger, earlobe, or toe. A microprocessor subsequently compares
the absorption of the 2 waveforms to determine the ratios of
oxygenated and deoxygenated haemoglobin, thus giving a percentage
saturation of haemoglobin with oxygen.

e Most modern pulse oximeters will display a waveform, pulse rate, and
oxygen saturations.
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Box 6.7 Limitations of pulse oximetry

Pulse oximeters have been calibrated using normal patients and as a
result have a high potential for error at low saturations

This is particularly important in patients with cyanotic congenital
heart disease. If in doubt, accurate saturations can be obtained from
co-oximeter-containing blood gas machines (some gas machines
calculate SaO, from PO,, which cannot be relied upon)
Carboxyhaemoglobin (smoke or fume inhalation) and
methaemaglobin (from nitric oxide use) can provide falsely high
oximetery saturations. Again, many modern blood gas machines can
exclude these haemaglobinopathies

Poor perfusion, nail varnish, tambient light, motion artefact, as well as
venous pulsation in, for example, severe right AV-valve regurgitation
can all be sources of errors in pulse oximetry

Heat from the light source can cause burns if the probe is not moved
from time to time

Further uses of pulse oximetry technology are continuous mixed
venous oxygen saturations (ScvO,) and non-invasive cerebral
oximetry.

Box 6.8 SaO; versus PaO,

In several ways continuous SaO, monitoring is a more useful measure-
ment in PICU than PaO;:

Sa0; is measured continuously and gives an overall picture of patient
oxygenation rather than the ‘snapshot’ PaO, which can be misleading
and is dependent upon on the condition of the child when the sample
is taken (i.e. crying following physiotherapy, arterial pressure, or
handling etc.)

Pulse oximetry (and capnography) avoids the need for repetitive
blood sampling

Sa0, is a major determinant of oxygen delivery (see LL Box 6.9,
p.86):

Oxygen delivery = (5a0,/100 x Hb x 1.34) X (cardiac output)

Thus, if cardiac output and Hb are adequate (i.e. the child has a
normal BP and Hb >7g/dL) then one can be confident in letting the
Sa0, fall to 90% without compromising oxygen delivery too much.
This allows one to confidently reduce potentially damaging levels of
FiO, and ventilator pressures whilst maintaining oxygen delivery to
the patient’s vital organs.

PaO,, on the other hand, tells us about how well the lungs are
working at uptaking O, but not about oxygen delivery. PaO; is
particularly useful in the context of the alveolar gas equation,
allowing the calculation of the alveolar-arterial difference (see

L1 p.118). This is a useful index of lung function.
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Transcutaneous oxygen and
carbon dioxide measurement

e Transcutaneous oximetry (TcPO,) is a useful non-invasive way of
measuring oxygen levels without the need for repeated blood gas
analysis.

e Transcutaneous carbon dioxide (TcPCO,) monitoring is also a useful
way of measuring CO,. It is more widely used in neonatal intensive
care, and has been shown to be particularly useful in neonatal transport
where repeated blood gas analysis is not freely available

e A sensor is placed on a cleaned area of skin and requires an airtight
collar to ensure no ambient oxygen leaks into the sensor membrane.

o The sensor detects oxygen emanating from the skin, as it flows through
the membrane an electrochemical current results which is then
converted into a number on the monitor

e Transcutaneous monitors can be unreliable and vary with skin
perfusion, BP, and quantity of subcutaneous fat or oedema.
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Capnography

e Capnography provides continuous non-invasive measurement
and graphical representation of expired carbon dioxide tension

e End-tidal carbon dioxide (EtCO,) is defined as the peak CO, value
during the expiratory phase of ventilation and approximates arterial
pCO; in patients with normal hearts and lungs, thereby providing a
useful non-invasive assessment of ventilation

o Capnography is the simplest and most reliable way to confirm correct
tracheal tube placement following intubation and is mandatory on all
PICUs

e Examination of the phasic changes in capnography can aid diagnosis
(Fig. 6.11).

Principles

o Capnography relies on the principle of infrared spectroscopy

e When infrared light is shone through a chamber of CO,, the amount
of light absorbed by the CO, is proportional to the partial pressure of
CO; in the chamber

o A capnograph consists of a sample chamber, a light source, and a
photodetector opposite the light source, although disposable CO,
detectors are available

e The capnograph is usually placed between the ETT and the expiratory
limb of the ventilator tubing, ideally as close to the end of the ETT as
possible.

Time

Fig. 6.11 A normal capnography trace. Phase 1: early expiration. Mainly dead space.
Phase 2: rapid rise in CO, from alveolar gas. Phase 3: plateau phase. Slope of phase
varies with airway obstruction. Phase 4: inspiration and rapid fall on CO,. Arrow
indicates the end-tidal value.
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Table 6.2 Conditions that alter EtCO,

Increases in EtCO, o Hypoventilation or $CO, production, i.e. fever,
malignant hyperpyrexia, and catabolism

Decreases in EtCO, e {CO; production, i.e. hypothermia
e cardiac output

e Pulmonary embolism

o Air embolism

L]

{pulmonary perfusion

Absent EtCO, Oesophageal intubation

Disconnection from ventilator

Because end-tidal CO, approximates PaCO,, (EtCO, generally reads as
slightly less than PaCO,), capnography allows alveolar ventilation to be
monitored continuously in patients. This can be both during IPPV or
when breathing in weaning modes on a ventilator. This is particularly
useful as it gives an overall picture of ventilation rather than the ‘snap-
shot’ that one gets from intermittent blood gas measurement.

e Recognition of changes in the capnogram is a useful tool in the
management of ventilated patients (see Fig. 6.12).

Point to remember:

Right-to-left intracardiac shunts produce a discrepancy between EtCO,
and paCO,. The paCO; tends to rise above the EtCO,. This is sometimes
referred to as an ‘apparent dead space’.

o~
O/\/—\/\_/\
O

(a) Time

SN TN
SN SN

(b) Time

Fig. 6.12 (a) A decrease in the size of successive capnograms is seen with a rapid
decrease in pulmonary perfusion secondary to sudden hyptotension or cardiac arrest.
(b) The slow rise of the capnogram in the upper panel is seen with bronchospasm.
The improved capnogram in the lower panel is after bronchodilator therapy.
Reproduced from Hughes ], Ali T (2004). Understanding simple monitoring in
paediatric intensive care. Current Paediatrics 14: 459—64, with permission of Elsevier.

co,
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Measurement of oxygen delivery and
consumption (oxygen flux)

All cells require a constant supply of oxygen to maintain metabolic demands
and cellular function. Situations such as shock, as defined by oxygen demand
exceeding supply, can result in organ dysfunction and failure (see L) p.576).
Early detection and correction of tissue hypoxia is fundamental in the man-
agement of critically ill patients.

Oxygen delivery (DO,) from atmosphere to body cells requires the following:

o Inspired O, diffuses across the alveolar membrane into the blood

e O, combines reversibly with haemoglobin in red blood cells

e Bound O, is delivered by cardiac output to the tissues.

o At the target tissue O, dissociates from the haemoglobin, diffuses into
the cells and ultimately reaches the mitochondria where it is utilized to

supply energy.

Box 6.9 Determinants of oxygen flux
e The amount of oxygen delivered to the tissue can be calculated from:

Oxygen delivery (DO;) = CO x CaO,

where CO is the cardiac output and CaQ, is the oxygen content
of arterial blood.
Cardiac output = stroke volume x heart rate

Ca0, = [ $30:%) (/o)

x Hb x 1.34] + dissolved O,
(1.34 is the volume of oxygen in mL that combines with 1g of Hb.
Dissolved O, is calculated from 0.0031 x PO, and is negligible at
normal atmospheric pressure).
o Global oxygen consumption (VO,) is the amount of oxygen
consumed by tissues per minute and can be defined by:

Oxygen consumption (VO,) = CO x [CaO, — CvO;]
where CvO; is the oxygen content of mixed venous blood.

SV, (%)
00

O, =[ x Hb concentration x 1.34]

One can see that the important determinants of DO, are cardiac output,
Sa0; and haemoglobin concentration.

Example

Thus, theoretically (and rather simplistically) for a child of 10kg with a
cardiac output of 1.2L/min, Hb 15g/dL, SaO, of 100%; and SvO, 75%
then:

CaO, = 100/100 x 15 x 1.34 = 20.1mL/dL
CvO, = 75/100 x 15 x 1.34 = 15mL/dL
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Box 6.9 Determinants of oxygen flux (Continued)

Thus the arteriovenous oxygen difference is (AVDO,) is 5mL/dL.
Correcting units to mL then:

DO; = 1200 x [1 x 15/100 x 1.34] = 240mL/min

VO, = 1200 x [20.1/100 — 15/100] = 60mL/min

Thus oxygen consumption is 6 mL/kg/min (this is usually 7-9mL/kg/min
in neonates and 3—4mL/kg/min in adults)

Global measurements of DO; and VO,
e PAC (also see Box 6.10):

* Arterial CaO, and mixed venous CvO; (from the PA) are measured
from samples and multiplied by the measured cardiac output
(indirect Fick principle) to give DO, and VO,

* Therapy (e.g. inotropes and transfusion) can be titrated in order to
maximize VO,

* DO, and VO, can be plotted and oxygen extraction ratio calculated
(OER).

Box 6.10 Game over for the PAC?

Several large, recent multicentre trials of the use of PACs in adult ICU
have failed to show an improvement in mortality in sepsis, ARDS, and
heart failure. This information coupled with the difficulty in insertion
and the potential side effects mean that there are few indications for
PAC insertion in children.

e Indirect calorimetry:
» O, content of inspired and expired gases are compared and
O, consumption (and CO, production) calculated
 Readings are often inaccurate due to leaks in circuit and around
ETTs
* More useful for guiding nutritional therapy (from resting energy
expenditure) than for guiding DO,
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VO, = DO, x OER
Maximum
OER Normal
VO
2 VO, becomes
| supply-dependent
‘dysoxia’
0 + + + + + +
0
DO,

Fig. 6.13 Graph of DO, versus VO, with explanation of OER (oxygen extraction
ratio). As DO, decreases, the OER increases proportionately and the VO, remains
constant. When the OER reaches its maximum level (0.5-0.6), further reduction in
DO, leads to a proportional decrease in VO,. VO, becomes supply dependant
and production of adenine triphosphate (ATP) is limited by the supply of oxygen.
This condition of oxygen-limited energy reduction is called dysoxia.

Indirect global estimates of DO, and VO,

In PICU the easiest and least invasive ways of estimating the balance
between delivery and consumption are to measure:

e Mixed venous saturation (ScvO,)

e Lactate production.
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Mixed venous saturation (Scv0,)

Central mixed venous saturations are a simple and useful indirect
measure of oxygen delivery and consumption

ScvO, <70% is generally indicative of reduced oxygen delivery
and hence toxygen extraction leading to $venous oxygen content
(see Table 6.3). This is seen in shock states such as cardiogenic,
hypovolaemic, and septic shock

Aiming for ScvO, >70% is accepted as a goal for therapy

‘True’ SevO,; measurements should come from the PA after complete
mixing of superior and IVC blood and coronary sinus blood has
occurred. Unfortunately without a PAC or a direct PA line ‘true’
ScvO; sampling is not possible

e ScvO; taken from a central line is an valuable alternative:

* [VC ScvO; is usually slightly higher than SVC ScvO; (the kidneys
do not extract as much oxygen but receive a higher proportion of
cardiac output than the brain and upper body) but in shock it may
read lower as blood is diverted from the splanchnic and

renal circulations to the brain and heart.

These regional differences mean that trends are often more useful
to follow than absolute values.

Table 6.3 ScvO, changes and their causes

ScvO, Cause Diagnosis

4ScvO, e {DO, (tOER) e Shock: cardiogenic, hypovolaemic,
e VO, septic
e Hypoxia
e Severe anaemia
e Fever
e Thyrotoxicosis

tScvO, e VO, o Cytotoxic hypoxia-cyanide
poisoning

89
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Lactate measurement

e Analysers are available to measure lactate. Often this measurement is
incorporated into blood gas analysis
Normal whole blood lactate is <2mmol/L
Lactate levels are raised in tissue hypoxia and shock states
(hypovolaemic, cardiogenic, septic) (see Box 6.11)
e Raised lactate predicts risk of mortality and adverse events in children
with sepsis and following cardiac surgery
e Trends in lactate are useful:
* A gradual and continuous decrease in blood lactate level during
resuscitation is usually associated with a better outcome.
* Persistent increase in blood lactate is associated with progressive
multiorgan dysfunction and poor outcome
* High-dose epinephrine, through combined vasoconstriction and
hypermetabolism can cause significantly raised lactate
o Raised lactate is not a sensitive measure—many children deteriorate
with normal lactate
o Lactate itself is a buffer—situations of hyperlactataemia may develop
(e.g. during haemofiltration) without concurrent acidosis.

Mitochondrial Glucose
PO,

10mmHg (1.3 kPa) Pyruvate
£
§ co,
s +HZO
] Kreb’s
£ cycle
9
S
:(% 4mmHg (0.53 kPa) 36 molecules

ATP (1270K))
\
] TmmHg (0.13 kPa) Pyruvate

= 2 molecules
2 ATP production ATP (67K))
3 unable to
‘E meet demand
e
9
3 Lactate + H*
2 Y . Regional
é Acidosis, dlsruptllon X« blood flow

of cellular function sepsis

Y
Cell death Lactate clearance

by liver, kidney
G.l. tract and
muscle

Fig. 6.14 Diagram of glycolysis and Kreb’s cycle. Adapted from Duke T (1999). Dysoxia
and lactate. Arch Dis Child 81: 343-50 with permission from BM] Publishing Group Ltd.
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Box 6.11 Biochemistry of lactate production

o Cells require oxygen for continuous production of ATP—the body’s
principal energy source

o Glucose is metabolized to pyruvate (glycolysis). Most of this is
metabolized (by pyruvate dehydrogenase) to acetyl CoA, the major
substrate of Kreb’s cycle which results in ATP production (Fig. 6.14).

o This process occurs in cell mitochondria and is called oxidative

phosphorylation. It consumes oxygen and generates CO, (aerobic cell

respiration)

1 molecule of glucose produces 36 molecules of ATP.

In situations of mitochondrial dysfunction (hypoxia and sepsis),

anaerobic metabolism increases and pyruvate is converted to lactate.

This generates significantly less ATP (2 molecules per molecule of
glucose) and H* ions are produced leading to acidosis
Dysoxia refers to when ATP production is limited by hypoxia. Often
with accompanying lactic acidosis
If hypoxia is reversed before cell death occurs then oxygen radicals
are generated which cause lipid peroxidation and cell damage. This
is known as reperfusion injury and can cause systemic inflammatory
response
o Lactate can be cleared efficiently by the liver (and kidney, gut, and
muscle). Lactate can be converted into glucose (Cori cycle)
o Lactate levels therefore depend on:
* Lactate production: raised in states of tanaerobic metabolism or
aerobic hypermetabolism
* Lactate clearance: reduced in shock states
e Lactic acidosis occurs when lactic acid production is in excess of
removal
Certain drugs that interfere in gluconeogenesis cause lactic acidosis,
e.g. metformin, salicylates, ethanol, methanol, ethylene glycol
(antifreeze)
o Raised lactate can be secondary to congenital mitochondrial disease
(see 1 p.701).

Management of raised lactate
e Optimize oxygen delivery:

» Maintain SaO,. IPPV, Paralyse.

» Maintain circulating volume and cardiac output. Use fluid boluses.
Start inotropes if indicated. Monitor invasive BP, CVP, urine output
and arterial gases

e Keep Hb >7g/dL

e Treat underlying cause, e.g. antibiotics, surgery if indicated
o [f lactate is rising or persistently elevated, e.g. >5 mmol/L:
 Consider reducing epinephrine and substituting dopamine

* Start inodilator milrinone

¢ Has ischaemiclnecrotic/perforated bowel been excluded?

» Consider ECMO.
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Organ-specific measurements of oxygen
delivery and consumption

e Brain oxygen consumption can be measured and optimized with use of
the jugular venous bulb saturation (SjvO,), (see L p.101)

o Cerebral oxygen extraction ratio = SaO; — SjvO,/Sa0,.

e Positron emission tomography, near infrared spectroscopy, and tissue
microcatheters and sensors are all very much in the developmental
stage.

Electroencephalography and cerebral
function monitoring

EEG

The EEG records cortical electrical function via scalp electrodes and
thus gives useful information about cerebral function, particularly when a
patient is sedated and/or paralysed with muscle relaxants.
o EEG readings are dependent on cerebral perfusion and oxygenation
e Seizure activity is evident on EEG
o EEG may aid with diagnosis:
* Encephalopathy—EEG activity alters.
* Movement disorders can be distinguished from seizure activity
* Electrocerebral silence in the absence of sedation confirms brain
death (cortical).
e Drugs, e.g. barbiturates, can be titrated against EEG to reduce cerebral
metabolic activity (burst suppression) in head injury or hypoxic states

Children’s EEGs require interpretation by expert neurophysiologists.
Generally the paediatric EEG is characterized by bursts of slower
rhythm (which become more infrequent with adulthood). Brain injury
and encephalopathy are associated with slower rhythm (frequency) and
smaller amplitude.

Whilst continuous EEG recording are possible on PICU, simplified systems
have been developed (usually involving less scalp electrodes) to give con-
tinuous recordings. These are known as cerebral function (analysing)
monitors (CFM/CFAM).

CFM

o Usually recorded from a pair of scalp electrodes (occasionally a midline
reference electrode is used

o Cumulative voltage is displayed in a single trace

o Voltage (uV) is displayed against time (6—30cm/h).



EEG AND CFM

CFM allows for ‘coarse interpretation’ by the intensivist. Normal vari-
able traces can be recognized as can seizure activity, burst suppression,
and poor prognostic patterns. CFM gives no information regarding fre-
quency distribution of the EEG activity. Subsequent innovations have
given crude estimates of the percentage contribution of various fre-
quencies known as CFAM.

Use of CFM
e Sedation causes a fall in baseline voltage (see Box 6.12)
o Afall to <5pV with sedation (thiopentone) corresponds with minimal
brain metabolic activity (equivalent to burst suppression)
o Seizure activity causes paroxysmal increases in baseline voltage
e Diagnosis:
* Prolonged periods of electrical inactivity are associated with
ischaemia (burst suppression)
* Several different patterns are associated with poor prognosis
(see LI Fig. 6.15 p.94).

Box 6.12 Bispectral index (BIS)
BIS is a recently developed form of processed EEG that assesses seda-
tive/hypnotic effects of sedative and anaesthetic agents on a scale of

0-100.
o BIS can be used clinically to measure sedation and has been validated

in adults (mainly undergoing surgery)
o BIS has been used in PICU but as yet cannot be relied upon as a
sedation monitor.

Evoked potentials

93

EEG responses to external stimuli can be detected to infer integrity of

relevant pathways e.g.:
e Somatosensory—peripheral, spinal, and cortical nerve conduction may

be assessed following trauma
o Auditory and visual evoked potentials assess hearing and visual

pathways and are rarely used in PICU.
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Fig. 6.15 Waveforms of CFM. Reproduced from Singer M, Webb AR (2009).
Oxford Handbook of Critical Care, 3" edn. Oxford University Press.
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Intracranial pressure monitoring

The measurement of ICP has become routine in many PICUs, particu-
larly in those dealing with head trauma and neurosurgery. ICP monitoring
(ICPM) requires a certain level of expertise in both insertion and man-
agement and can only be recommended when there is neurosurgical
expertise in close vicinity. Despite the absence of class 1 evidence dem-
onstrating the benefit of ICP measurement on outcome, there is a large
body of clinical evidence supporting its use in guiding treatment, detecting
mass lesions, and assessing prognosis.

ICP is monitored in order to:

e Confirm the diagnosis of raised ICP

o Monitor ICP response to therapeutic manoeuvres
e To maintain cerebral perfusion pressure.

Indications

e Head injury

e Post neurosurgery

o Intracranial haemorrhage

o Encephalopathy (occasionally).

Intracranial pressure monitoring is contraindicated by coagulopathy (INR >2
or thrombocytopenia).

Methods
e There are 2 methods commonly used for ICPM (compared in Table 6.4):
* Intraventricular catheter: inserted into the lateral ventricle via a burr
hole
¢ Intraparenchymal microtransducer tipped catheter (can also be
used subdurally): incorporating fibreoptic technology (Camino®) or
semiconducting strain gauges (Codman®)
o [f the ventricles are accessed during neurosurgery then an
intraventricular catheter may be inserted and left in for postoperative
care. This allows for easy direct measurement via a transducer or by
connection to a reservoir of CSF. The reservoir can be adjusted in
height (e.g. 10-15cmH,0) to allow for drainage of CSF and control of
ICP (see Fig. 6.16)
Generally intraparenchymal catheters are easier to insert in closed
head injury when the ventricles are often very compressed. This is
easily done under local anaesthetic on PICU in a ventilated patient.
A small burr hole is required and the transducer should be tunnelled
to a distant insertion site (5cm) in order to reduce risk of intracranial
infection

Complications

e Infection
e Haematoma.
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Table 6.4 Comparison of ICPM devices

Method Advantages Disadvantages

Intraventricular e Gold standard o Difficult to insert.
o Allows CSF drainage o Higher incidence
e Measures global pressure of infection and
e Can be recalibrated in vivo haematoma.

Intraparenchymal

Robust

Simple insertion

Low infection rate
Low complication rate

No in vivo re-calibration
and tendency for the
measurement to drift
Measures local
pressure: pressure may
appear normal whilst
ICP is globally high

Ventriculostomy

>

Intraparenchymal
catheter

Fig. 6.16 Placement of ICPM. Reproduced from Waldmann C, Soni N, Rhodes A
(2008). Oxford Desk Reference: Critical Care. Oxford University Press.
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Box 6.13 ICP

The principles of ICP changes outlined by professors Munro and Kellie in
the 1820s, were in essence, that (after the first few months of life when
skull structures have fused) the skull is a rigid case of bone enclosing
the brain. Therefore the contents of the skull must stay in constant
volume to maintain constant pressure. The intracranial cavity contains
3 compressible components—the brain, the blood, and the CSF—an
increase in the volume of one component will lead to the reduction in
the volume of the other or a rise in ICP will result.

Component % of volume Cause of expansion in volume

Brain 83% Tumour, tissue oedema, abscess

Blood 6% Vasodilatation, haemorrhage, venous
obstruction, aneurysm, AV malformation

CSF 11% Hydrocephalus

As brain tissue is relatively incompressible, any increase in ICP due to
brain swelling leads to an extrusion of CSF and venous blood from the
intracranial cavity as compensation.

CPP

Pressure

A Pressure

A Volume

Volume

Fig. 6.17 The relationship between intracranial volume and intracranial pressure.
As brain swelling occurs, a fixed increase in volume leads to a progressively greater
increase in pressure, and cerebral perfusion pressure (CPP) falls. Reproduced from
Webb A et al. (1999). Oxford Textbook of Critical Care, Oxford University Press.
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ICP-guided therapy

ICP varies with age, position, and brain condition (see Box 6.13 and Fig. 6.17).
Normal ICP is 7-15mmHg in a supine adult, <10mmHg in children, and
<émmHg in infants. In adults the threshold for initiating treatment is
>20mmHg.

Whilst increasing ICP correlates with a higher risk of mortality and mor-
bidity this does not mean that all patients with high ICP have a poor
outcome.

Cerebral perfusion pressure (CCP)
CPP is the difference between the mean arterial pressure (MAP) and the
mean ICP. Thus:

CPP = MAP - ICP

Reductions in CPP below threshold levels are associated with poor
outcome in traumatic brain injury (see Box 6.14).

CPP thresholds vary with age:

e 40-50mmHg in infants and toddlers
e 50-60mmHg in children

e 60-70mmHg in adolescents

CPP can be sustained above threshold values by:

o Maintaining MAP—uwith attention to fluid balance and use of pressor
agents, e.g. norepinephrine

o Reducing ICP:

* First tier: sedation, analgesia, paralysis, head-up tilt (30°), CSF
drainage (if ventriculostomy drain present), mannitol, hypertonic
saline

* Second tier: barbiturate coma (thiopentone), decompressive
craniectomy.

Box 6.14 CPP vs ICP-directed therapy

Whilst traditional management of traumatic brain injury was aimed at
reducing ICP, there has been a move in the past decade towards main-
taining CPP above threshold levels. Both endpoints have their advocates
but currently there is no evidence to suggest one over the other. High
CPP (>upper threshold limit for age) should be avoided. There is some
evidence that overelevated CPP may result in worsening vasogenic
cerebral oedema and pulmonary oedema.

Cerebral blood flow (CBF) (Fig. 6.18)

CBF is tightly regulated to meet the brain’s metabolic demands. Too much
CBF results in raised ICP and too little results in ischaemia. The brain, like
other organs, displays autoregulation. This maintains CBF over a range of
BPs. When autoregulation is lost, CBF becomes pressure dependent and
varies linearly with BP.

Autoregulation is lost under following circumstances:
o Severe hypotension: low CBF and CPP leads to ischaemia
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o Acute, severe hypertension: high CBF and CPP disrupts the blood—
brain barrier leading to cerebral oedema and ischaemia

e Trauma

o Cerebral hypoxia

o Seizures

Hypercapnia and hypoxia
e CBF (and consequently ICP) varies directly with PaCO;:
» CO, diffuses across the blood-brain barrier causing a fall in brain
pH and subsequent vasodilation
¢ The relationship between PaCO, and CBF is almost linear. A PaCO,
of 10.6kPa almost doubles CBF
* The effect is rapid and sudden acute rises in PaCO, can cause
sudden rises in ICP. This should be avoided in situations of
raised ICP
Conversely, reductions in PaCO, following hyperventilation can
lead to falls in ICP but this effect does not last for more than a few
hours
o CBF stays constant over a range of PaO, (including hyperoxia
and moderate hypoxia) but below 6kPa vasodilatation and tCBF
(and consequently tICP) occurs.

Cerebral blood flow mL/100g/min

1 1 1 1 1 ]
25 75 125

Cerebral perfusion pressure

Fig. 6.18a Cerebral blood flow (CBF) alterations as a result of changes in PaCO,,
PaO,, and cerebral perfusion pressure. Notice that CBF is relatively constant

with perfusion pressure between 50-150mmHg, is increased as PaO, drops below
~50mmHg and is related linearly to PaCO; in the normal range of PaCO,. Reproduced
from Rogers MC, Traystman R] (1985). An overview of the intracranial vault:
physiology and philosophy. Crit Care Clin 1: 199, with permission from Elsevier.
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— ©
Vasoconstriction

Lower autoregulatory limit

T

Upper autoregulatory limit

Cerebral blood flow

Mean arterial blood pressure

Fig. 6.18b Autoregulation of cerebral blood flow with arterial blood pressure.

ICP waves

o |CP varies with intrathoracic pressure—the baseline of the ICP
trace will increase with positive pressure ventilation but fall with
spontaneous inspiration

o |CP waves are complex but can be grouped into 5 distinct patterns:

* Low and stable ICP (<20mmHg): uncomplicated head injury before

brain swelling occurs

High and stable ICP (>20mmHg): seen commonly in head injury

Slow plateau rises in ICP lasting 5-20min: these are known as

‘A’ waves and are a sign of reduced intracranial compliance

* |CP waves that vary with arterial pressure

» Refractory high pressure trace that usually heralds death.
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Jugular bulb oximetry

Retrograde passage of a fibreoptic oximetry probe from the internal
jugular vein to the jugular bulb enables continuous monitoring of jugular
venous bulb saturation (SjvO,).

Insertion of SjvO, probes requires a degree of skill and is not recom-
mended in smaller children.
o Normal SjvO, is 65-70%
e With normal oxygen delivery (absence of anaemia and normal SaO5):
o SjvO, >75% reflects luxury perfusion (hyperemia) or global
infarction with reduced oxygen utilization
* Falling SjvO, reflects toxygen extraction
* SjvO, 40-55% reflects hypoperfusion
e SjvO; reflects global brain ischaemia
o Despite 85% of brain venous drainage passing down one internal jugular
vein (usually the right), SjvO, is usually equal on both sides unless there
is a specific focal injury
e Samples can be taken to measure venous lactate
o Cerebral oxygen extraction ratio = (SaO; — SjvO,)/Sa0,.

Management

Falling SjvO, may be an indication to:

e Increase CPP by increasing MAP or reducing ICP
e Increase DO, by transfusing blood.

Box 6.15 New technologies

Despite enthusiastic attempts to introduce new technologies into moni-
toring the brain, the measurement of ICP has become established as a
robust and minimally invasive form of monitoring that can be realistically
used on many PICUs.

New technologies include:

o Positron emission tomography: used for quantification of cerebral
blood volume, CBF, brain oxygen consumption, and oxygen
extraction. Calculations may be subject to mathematical coupling

e Transcranial Doppler ultrasound: looks at blood flow velocities in

cerebral arteries. Used to assess vasospasm or hyperaemia and to

assess whether autoregulation is still intact. Not useful as a gauge
of cerebral oxygenation

Near infrared spectroscopy: utilizes the absorption and reflection

spectra of haemoglobin (oxy- and deoxy-) and cytochrome oxidase

to determine cerebral oxygenation, oxygen consumption, and CBF.

Near infrared wavelengths can penetrate thin bone and thus its use

has been mostly in premature neonates with thin skulls

Implantable tissue oxygen and pH sensors

None of the these technologies have been fully validated in the PICU

setting and as such are generally used as research tools.
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Introduction

Assessment of cardiovascular and respiratory functions in paediatric inten-
sive care patients requires a thorough understanding of the physiology and
pathophysiology of both systems. Cardiovascular and respiratory systems
are not only closely related but interdependant. Assessment of function
should be interpreted in terms of their fundamental purpose, namely
oxygen delivery and consumption.

Principles of cardiovascular physiology

The cardiac cycle

o Phase of contraction (systole): consists of phase of isovolumic contraction
and rapid ejection when the arterial valve opens

e Phase of relaxation (diastole): consists of isovolumic relaxation and
opening of the atrioventricular valve followed by filling. Atrial systole
contributes to end-diastolic filling.

Blood pressure
BP = cardiac output x systemic vascular resistance (SVR)

o Low BP may be due to low cardiac output, low SVR or both

e BP is often normal (or slightly low) in situations of low cardiac output
because the SVR rises. This is a compensatory response mediated via
the sympathetic nervous system (the cold, clammy patient). Beyond
maximal compensation BP will fall. This is seen in both hypovolaemic
and cardiogenic shock

e In septic shock (warm shock), the SVR is low due to vasodilation.

Ventricular function
Ventricular performance is determined by both systolic and diastolic
function—abnormalities of either can cause cardiac failure.

Cardiac output
Cardiac output = stroke volume (SV) x heart rate (HR)

SV falls in situations of both hypovolaemia and myocardial dysfunction and
leads to fall in cardiac output.

Stroke volume

Systolic function determines SV which is in turn dependent on 4 factors.
Low cardiac output may be caused by any combination of these factors:

e HR

e Preload

o Inotropy or contractility

o Afterload.
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Heart rate

e Tachycardia may compensate for a falling SV (again a sympathetic
response) to a degree but, if excessive, may reduce ventricular filling
time to a degree that worsens SV and hence cardiac output

o Severe bradycardia and tachyarrhythmias generally cause falls in cardiac
output.

The Otto Frank and Ernest Starling Law of the Heart states ‘the energy
of contraction is a function of the length of the muscle fibre’, therefore as
ventricular filling (preload) increases, SV (and therefore cardiac output)
increases. Due to its dependency on preload and afterload it follows that
cardiac output is a crude index of ventricular performance.

Preload

o Preload is the passive force that stretches resting muscle fibres

e |t represents end diastolic volume and is inferred from end diastolic

pressure

e Preload depends upon:

¢ Circulating blood volume (filling)

* Venous tone

For clinical purposes CVP and LAP provide an estimate of right
ventricular and left ventricular preload, by acting as surrogates of
RVEDP and LVEDP respectively
Although CVP may be raised secondary to elevated right ventricular
pressures, generally a low CVP equates to low preload and underfilling.
In this instance volume loading will raise preload, hence cardiac output
and thus blood pressure (see L p.73).

Afterload

o Afterload is the force opposing ventricular ejection, i.e. the force
opposing muscle fibre shortening

e Anincrease in afterload will increase myocardial work and reduce
cardiac output

o Minimizing afterload can reduce ventricular stroke work (stroke
work = SV x BP) and myocardial oxygen consumption. This can be
an effective treatment for the failing myocardium. Reductions in SVR
must be balanced against maintaining perfusion pressure (to other vital
organs) and diastolic pressure (coronary perfusion) (see Box 7.1).

The systemic vascular resistance index (SVRi) and the pulmonary vascular
resistance index (PVRi) are measures of the afterload of the systemic
and pulmonary circulations respectively (indexed for weight).

SVRi = [MAP — CVP] / cardiac index
PVRi = [Mean PAP — LAP] / cardiac index
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Fig. 7.2 Starling curves effect of filling and increased inotropy. Y-axis: force of
contraction can be represented by cardiac output, SV, or stroke work. X-axis:
myocardial fibre length can be represented by end-diastolic volume or end-diastolic
pressure. A-B represents increased contractility from inotropic therapy. B-+C
represents a fluid bolus. D—A represents preload or afterload reduction by
vasodilators and/or diuretics.

Box 7.1 Paediatric versus adult heart failure

In adults, myocardial dysfunction secondary to ischaemic heart disease
is the usual cause of heart failure and pulmonary oedema. In children
the usual cause of pulmonary oedema is high pulmonary blood flow
(PBF) and ventricular volume overload due to left-to-right shunt. It
seems rather illogical to describe a child’s heart in this state as failing as
it is often working very hard. In some cases of cardiac failure the heart
is consuming so much energy there is little left for growth, leading to
failure to thrive.

When myocardial dysfunction is severe, reductions in both preload and
afterload can be achieved by positive pressure ventilation as well as by
veno- and vasodilation.
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Inotropy/contractility

e tinotropy provides tSV and hence cardiac output for the same preload
and afterload conditions

o The net effect is an upward and leftward shift of the Frank—Starling
curve

o |notropes increase myocardial oxygen consumption and are often
best combined with vasodilators to reduce preload and afterload to
minimize this effect

o There is no adequate bedside measure for contractility. At best
echocardiography gives a qualitative estimate of ventricular function
(see 1Y Echocardiography, p.341).

Ventricular performance and dysfunction

Pressure—volume (PV) relationship

o By plotting ventricular pressure against ventricular volume throughout
the cardiac cycle, a pressure—volume loop can be constructed which
can be used to provide objective information about the compliance of
the ventricle and ventricular contractility and arterial elastance

o Fig. 7.3 shows the normal LV and RV pressure—volume relationships
during a single cardiac cycle. The area within the PV loop is the stroke
work whilst the width of the loop is the SV

e By constructing a series of PV loops under different conditions of
preload and afterload, a series of loops can be obtained, from which a
number of parameters can be derived (Fig. 7.4):

* The slope of the end-diastolic PV curve gives information about the
compliance of the ventricle
* The slope of the end-sytolic PV curve is a measure of ventricular
contractility

e Ventricular PV loops are not suitable as bedside tools but demonstrate
the importance of systolic and diastolic contractility and compliance in
myocardial performance.

e See also Box 7.2.
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Fig. 7.4 Pressure valve curve with reduced contractility (systolic performance) and
reduced compliance (diastolic performance).
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Box 7.2 Diastolic dysfunction

Diastolic dysfunction is an increasingly recognized phenomenon both
in children and adults. In cases of poor ventricular compliance, higher
filling pressures will be required for a given end-diastolic volume. In
classic cases of diastolic dysfunction, such as tetralogy of Fallot, higher
filling pressures (CVP) may be required to ensure adequate ventricular
filling. Additionally, positive pressure ventilation and tachycardia are less
well tolerated as they reduce venous return and ventricular filling.

Cardiovascular function and age

Newborn hearts show functional immaturity. As infancy and childhood

occur the myocardium develops.

o Neonates have limited inotropic reserve and stiff uncompliant
ventricles. Their cardiac output and BP are dependent on circulating
volume and they do not tolerate hypovolaemia well

e Sympathetic innervation of the neonatal heart is relatively undeveloped

and relatively resistant to (3-adrenergic catecholamines, e.g. adrenaline

Both bradycardia and increases in afterload cause cardiac output in

neonates

o The neonatal left ventricle is non-concentric and is dependent on right
ventricular and septal function.

Echocardiography

Echo can be used to provide an estimate of myocardial fibre shortening.

e M-mode echo can be used to estimate the fractional shortening of the
left ventricular diameter, a one dimensional assessment (see [ p.341).

_ |LV end-diastolic diameter — LV end-systolic diameter
Fs = srer =~ LY x 100
LV end-diastolic diameter

* Normal fractional shortening is 28—44%
e 2D Echo can be used to estimate the ejection fraction of the ventricle,
by estimating the fractional area change from 2 echo views
EF = [End-diastolic volume — end-systolic volume]/end-diastolic volume
_[LV end-diastolic diameter®~ LV end-systolic diameter?
EF = - - x 100
LV end-diastolic diameter?

* Normal ejection fraction is >65%.
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Cardiopulmonary interactions

The heart and lungs should be thought of as a single functional unit —
the aim of this system is to optimize oxygen supply/demand relationship.
Those who manipulate respiratory support in children with cardiac abnor-
malities or vice versa must understand the basis of this relationship.

Alterations in respiratory physiology due to
congenital heart disease

Box 7.3 Physiology of interstitial and pulmonary oedema

(see L1 p.240)

The rate of filtration of fluid across a capillary bed depends on a balance
of forces, sometimes called Starling forces. A hydrostatic pressure
gradient (pressure within the capillary minus the pressure within the
interstitial fluid) encourages fluid filtration into the interstitium whilst an
osmotic pressure gradient across the capillary wall discourages it.

Any lesion that results in tintracapillary pressure may lead to interstitial
oedema or even alveolar oedema if severe. Lesions associated with ele-
vated pulmonary artery pressure but low/normal capillary pressure will
not result in pulmonary oedema, e.g. hypoplastic pulmonary arteries.

Pulmonary congestion (Box 7.3)

May result from:

o tPBF due to a left-to-right (L»R) shunt

o Pulmonary venous obstruction as in TAPVD

e Pulmonary venous hypertension secondary to elevated LAP:
* Mitral stenosis
* Left ventricular failure

Effects can be:

o Ventilation—perfusion (V/Q) mismatch

e fshunt and hypoxia

e Increase in lung weight

o Airway obstruction with gas trapping

o tairway pressures (if ventilated).

These alterations can cause hypoxia, reduced lung compliance. Supporting
these patients acutely should include oxygen therapy, diuresis, inotropic
and vasodilator therapy. Some children may need positive pressure ven-
tilation.

Decreased PBF

Due to right-to-left (R-sL) shunts (e.g. tetralogy of Fallot), and/or {PBF
(pulmonary atresia). Alterations in respiratory mechanics may be due to:
e V/Q mismatch (*physiological dead space)

e Decrease in lung weight

e May develop airway hypoplasia »* 1 airway resistance.

For reasons that are not clear, a sudden fall in PBF, e.g. during balloon
dilation of pulmonary valve, results in a fall in lung compliance.
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Alterations in cardiovascular physiology during

mechanical ventilation

e The right ventricle is more sensitive to respiratory changes than the
left. This is more apparent in children

e Increases in positive pressure leads to a reduction in venous return,
and thus reduction in RV preload

o RV afterload can be manipulated by judicious use of ventilation; under
or over expansion of the lung - tPVR — 1RV afterload (Fig. 7.5)

o Ventilatory effects on both RV contractility and myocardial perfusion
are more pronounced in cardiac disease and postoperative states

o In the setting of severe restrictive right ventricular physiology following

tetralogy of Fallot repair, positive pressure ventilation is poorly
tolerated:

» Aim to wean ventilation relatively quickly if possible

» Negative pressure ventilation has been used successfully

CPAP and positive pressure ventilation both reduce left ventricular
afterload. In children with LV dysfunction one should aim to optimize
oxygenation, reduce mean airway pressure (to augment preload), and
maintain positive pressure ventilation to reduce LV afterload.
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Fig. 7.5 The relationship between lung volume and pulmonary vascular resistance.
Reproduced from West |B (2008). Respiratory Physiology: The Essentials, 8t edn.
Lippincott Williams & Wilkins with permission.
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Assessment of pulmonary function

The various causes of hypoxaemia and hypercapnia can be distinguished
by a thorough understanding of the underlying pathophysiology. For sake
of simplicity and interpretation pulmonary function can be divided into
2 major components:

e Pulmonary gas exchange

e Respiratory mechanics.

Pulmonary gas exchange

Arterial gases are the most commonly performed of all ICU tests.
Adequacy of gas exchange depends on the balance between pulmonary
ventilation and capillary blood flow. Derangements in gas exchange lead
to both hypoxia and hypercapnia.

The primary derangements are:

e Hypoventilation i.e. not breathing adequately (Box 7.4)
o Diffusion impairment

o Shunt i.e. blood supply without ventilation

o Ventilation perfusion inequalities (V/Q mismatch)

e DO,/VO;inbalance.

In reality most disease processes cause hypoxaemia and hypercapnia
through a combination of these processes. The intensivist make thera-
peutic interventions with this in mind.

Box 7.4 Hypoventilation and the alveolar gas equation

Hypoventilation or reduced alveolar ventilation causes a rise in PaCO,.
One can see from the alveolar gas equation that a rise in PaCO, will
result in a fall in PAO; and consequently a fall in PaO,.

The alveolar gas equation:
PavO2 = PiO; — (PaCO/R) + F

(PiO; is the partial pressure of inspired Oy; R is the respiratory quotient
(usually 0.8 on mixed diet); and F is a correction factor that is usually
ignored.)

One can also see that by increasing inspired O, (PiO,) the PaO, can
be maintained despite an increasing PaCO,. This is a technique used
for apnoeic oxygenation in brainstem death tests. It is also the reason
for preoxygenating in a rapid sequence induction or why one should
increase inspired oxygen to 100% for several minutes before elective
intubation or reintubation—buying precious time for the procedure
before hypoxaemia ensues.

Diffusion

Diffusion abnormalities reduce the time available for equilibration of
alveolar gas and pulmonary capillary blood. Causes include fibrotic lung
conditions.
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Shunt (Figs. 7.6 and 7.7 and Box 7.5)

o Most hypoxaemia is caused by low V/Q match, of which ‘true’ shunt is
an extreme form: V/Q =0

e |n contrast to hypoxaemia from hypoventilation, true shunt is
unaffected by increases in inspired oxygen

o Shunt fraction (low V/Q) increases when:

* The small airways are occluded (bronchiolitis, asthma)
* Alveoli are fluid filled (pneumonia, pulmonary oedema)
* Alveoli are collapsed (pneumonia, atelectasis)

e Hypoxaemia from the above (low V/Q) should be corrected via
alveolar recruitment manoeuvres (CPAP, PEEP, HFOV; see LI p.157)
rather than just increasing inspired O, (which can be toxic)

e PaCO, is unaffected by shunt but may fall as the patient hyperventilates
(initially) or rise as the patient tires and hypoventilation ensues (further
aggravating hypoxaemia.

VIQ ratio Affect on blood
gases
Ventilation
Alveolus v Normal PaO,
Venous ) Q1 Normal PaCO,
end Arterial end
3 Blood flow
Pulmonary capillary
Ventilation
V/Q >1
4+PaO,
Alveolus i tDead 1PaCO,
space
. iiiieaneans =P {Blood
Pulmonary capillary flow
+Ventilation
V,
o 1Pa0,
ke shuntor | Normal or 4PaCO,
venous
admixture
¥ Blood flow
Pulmonary capillary

Fig. 7.6 Ventilation—perfusion (V/Q) abnormalities and the effect on blood
gases—shunt occurs when blood flows across non-ventilated alveoli. It is also
known as venous admixture.
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Box 7.5 The shunt equation

Shunt can be calculated from the shunt equation to give an estimate of
the proportion of blood flowing past poorly ventilated alveoli (Qs) as
compared with total lung blood flow (Qr)

Qs/Qr = [C—C] + [C.—C|]

Qs= shunt flow; Qt=total flow (cardiac output); C.= oxygen content
of end capillary pulmonary venous blood (assumed for simplicity to be
the same as PoO,); C,= oxygen content of arterial blood (calculated
from co-oximeter in blood gas machine); C, =oxygen content of mixed
venous blood (taken from PA or central line).

In practice this is rarely calculated in PICU (it is usually calculated during
cardiac catheterization, on 100% oxygen).

‘VIQ mismatch’

o Low V/Q match is the commonest cause of hypoxaemia (Fig. 7.8)

o V/Q mismatch covers a range of V:Q ratios in the lung that tend
from areas of shunt (low V/Q) through to areas that equate with
physiological dead space (high V/Q, i.e. ventilated but not perfused
areas)

o V/Q varies with posture and causes a small physiological
alveolar—arterial difference (A-a difference):

» Upper areas of the lung often have high V/Q ratios (good
ventilation, less perfusion)

» Dependent areas have *shunt fraction, i.e. low V/Q (poor
ventilation better perfusion)

o Pulmonary venous blood from areas of low V/Q (V/Q <<1) have

similar composition to mixed venous blood. Blood draining high V/Q

areas (V/Q >>1) have similar composition to inspired gas. This blood

then mixes in the pulmonary vein to give normal ABG composition

Ventilating the lung with large breaths can compress pulmonary

vessels leading to rises in pulmonary vascular resistance and, thus,

abnormal V/Q

e [tis worth noting that non-selective pulmonary vasodilators such as
milrinone and prostacyclin can aggravate V/Q mismatch in areas
of low V/Q but may improve V/Q match in areas of high V/Q.

DO,/VO; imbalance (L1 see p. 88)

This usually occurs in situations of low cardiac output. Thus:
e DO, is reduced.

e |n response oxygen extraction increases (tOER)

e Mixed venous SvO, falls to less than 70%.
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Lung volumes and capacity

TLC = total lung capacity
VC = vital capacity
FRC = functional residual capacity
TV = tidal volume
RV = residual volume
CV = closing volume

Fig. 7.8 Diagram of lung volumes. Closing volume is the volume at which small
airways and hence alveoli collapse. FRC falls in children with lung parenchymal
disease on ventilators. Thus alveoli are de-recruited (following small airways
collapse at closing volume) and V/Q of these areas will fall causing hypoxaemia.
Application of PEEP or CPAP increases FRC and improves V/Q matching and thus
oxygenation. Modified from Singer M, Webb AR (2009). Oxford Handbook of
Critical Care, 3 edn. Oxford University Press.

Evaluating hypoxaemia and hypercapnia

Hypoxaemia

When a patient has a blood gas with significant reduction in PO,, there

are 3 principal disorders to consider:
e Hypoventilation: normal A-a DO,
e Pulmonary disorder: tA-a DO,

e Reduced DO, and tOER.

Evaluation of hypoxaemia
o The first step is to calculate A-a DO, (see Box 7.6).
e Normal A—a DO; indicates hypoventilation as the primary cause,
e.g. neuromuscular conditions, central hypoventilation

* * A-a DO; indicates V/Q abnormality, e.g. *shunt fraction (low V/Q)

o Check SvO; in situations of low cardiac output. If SvO, < 70%, then
low cardiac output is contributing to hypoxaemia.
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Box 7.6 The alveolar-arterial difference

The most useful tool in interpreting hypoxaemia and how it relates to
the severity of lung disease is to calculate the A—a DO,. An A-a DO,
>4kPa represents significant lung dysfunction.

ie. A—a DOZ S PA02 - PaOQ
= (PO, — P,CO2/R + F) - P,O,
Pi is the pressure of inspired O,. R is respiratory quotient. Ignoring F
then:

A-a DO; = [(Patm— Pwater) X FiO; —P,CO,/0.8] — P,O,
Patm is atmospheric pressure, Pyter is the SVP of water.
Then at sea level:

A-a DO, = [(101 — 6.2) x FO, — P,CO; x 1.25] - P,O,

A-a DO, = (94.8 x FO, — P,CO, x 1.25) — P,0O,

Thus if with normal lungs, breathing air (FO,0.21), having a P,O, 13kPa
and P,CO,; 4kPa then:

A-a DO, = (19 - 5) — 13 = 1kPa, which is normal.

o Physiological A—a DO, is higher in babies and the elderly (up to
3.3kPa in both) but is normally 0.2—1.5kPa

o Serial measurements of A—a DO, is useful to track improvement
worsening of lung function in ventilated patients on PICU

o Note that altitude will alter atmospheric pressure and thus the values
for PAO, and P,O; but not the A—a difference

e Also, A—a DO, will vary with F,O, (it increases with tF,O,).
See Fig. 7.7a.

Hypercapnia

e Hypercapnia is commonly due to dalveolar ventilation, e.g. when a
patient gets tired from twork of breathing (asthma, bronchiolitis,
pneumonia)

e Lung disease can also cause tphysiological dead space from
V/Q mismatch (V/Q >1) which contributes to hypercapnia

e Hypercapnia with normal A-a DO is due to neuromuscular weakness
or central hypoventilation (e.g. drugs, rare brain disorders)

o Dead space can be calculated from the Bohr equation (rarely done in
PICU):

Vp/Vr = (P,CO, — expired PCO,) / P,CO,
Expired PCO, can be estimated from EtCO,
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Respiratory mechanics in ventilated
patients

Modern ventilators incorporate monitoring systems that allow for meas-
urement and graphical representation of pressure, volume, and flow
during mechanical ventilation (see Box 7.7).

Many ventilators have in-built sensors. Unfortunately measurements taken
will always include anomalies from the resistance and compliance of the
ventilator and its tube connections. For an accurate picture of patient
mechanics the sensors should be at the patient end, i.e. at the end of
the ETT.

Some measurements in children are due to the leak that is often present
between ETT and airway. Absolute values should not be completely relied
upon but trends and graphs can be interpreted with some confidence.

Box 7.7 Esoteric pulmonary function tests

‘Static’ compliance is rarely measured in ICU. It requires the use of a
large calibrated ‘super’ syringe—incremental volumes are injected
sequentially into the lungs and pressure is measured at the airway when
there is ‘zero flow’. A compliance curve is thus constructed.

Other examples of research pulmonary function tests that have been

used in ICU include:

e Transdiaphragmatic pressure measurement. This requires
oesophageal and gastric manometry. It is a measure of respiratory
muscle strength

o Intrapleural pressure. Requires oesophageal manometry and
measures work of breathing

e Functional residual capacity. Uses a closed circuit and helium dilution,
or open circuit nitrogen washout. Measures lung volumes

o Ventilation—perfusion. Inert gas-isotope technique used.

Pressure-volume measurement
e Easily obtained in relaxed fully ventilated patients
o Allows for interpretation of ‘dynamic’ compliance (lungs and
chest wall)
e Lung compliance (L/cm H,O) = A volume/A pressure
e Total compliance can be estimated in sedated, ventilated patients from

Compliance = tidal volume / (end inspiratory pause pressure — PEEP)
e Incorporates errors from leaks, airway resistance and changes in gas

flow.
e See Boxes 7.8 and 7.9
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The pressure-volume (compliance) curve (Fig. 7.9)

e There are 3 phases separated by 2 inflexion zones:

e Phase 1: below the lower inflexion point. An initial increase in pressure
with no significant volume change. The small airways are closed and
alveoli are not yet recruited

Phase 2: above the lower inflexion point. A linear increase in volume and
pressure. This slope represents ‘dynamic’ compliance and is the phase
of alveolar recruitment

Phase 3: above the upper inflexion point. A further period of pressure
increase with no volume change. Alveolar overdistension.

Upper
inflexion point

Expiratory
limb

Volume

/

PEEP set at this level ~ Peak pressure set at
should prevent alveolar this level should avoid
derecruitment over distension

Lower inflexion
point in inspiration

Pressure

Fig. 7.9 The compliance curve.
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Box 7.8 The PV curve and strategies in ARDS

The PV curve can be used to guide ventilator management in ARDS.

There is good evidence that ventilator-induced over-distension causes

lung injury and * morbidity and mortality in ARDS:

o Setting PEEP at the lower inflexion point enables recruitment of
alveoli and allows them to stay open

e Do not set peak pressure above the upper inflexion point so as to
avoid alveolar over-distension (volume/barotraumas).

Box 7.9 Deflation limb of the PV curve

The ‘real life’ PV curve will be dependent on the ventilator history of the
lung. Once alveoli are recruited the lung behaviour is actually best described
by the deflation limb of the PV curve. From Fig. 7.9 it can be seen that the
optimal PEEP can in fact be lower than that suggested by the inflation
PV curve, and that use of the peak inspiratory pressure suggested by the
deflation limb of the PV curve will avoid over distension.

Flow-volume loops

This is a plot of inspiratory flow (vertical axis) against volume (horizontal

axis). Convention dictates that inspiration is negative and expiration

positive. Whilst flow volume loops are used primarily in non-intubated

patients using a spirometer, they can be of some diagnostic value in intu-

bated and mechanically ventilated patients.

e Monitor changes in resistance

o Detect intrathoracic and fixed obstruction in intubated/ventilated
patients

e Monitors efficacy of bronchodilator treatment.
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Fig. 7.10 Typical flow-volume loops.

Auto-PEEP (intrinsic PEEP)
o Refers to the component of PEEP contributed by the patient’s own
lungs
o Auto-PEEP is caused by air trapping in the child’s alveoli at the end
of expiration. It is seen in conditions of:
 Airway narrowing, e.g. asthma
* Dynamic compression of airways, e.g. intrathoracic
tracheobronchomalacia
* Vigorous expiratory muscle contraction at end expiration
* Insufficient time between expiration and inspiration phases on
ventilator, i.e. respiratory rate too high
o Auto-PEEP is to be suspected when flow does not return to baseline at
end expiration on flow—time trace
o Auto-PEEP can be measured by an end-expiratory occlusion by many

modern ventilators
» Auto-PEEP = PEEP displayed after expiratory hold minus set PEEP
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o Auto-PEEP can be estimated (e.g. in severe asthma) by disconnecting
the paralysed patient from the ventilator at end expiration and
counting the time for expiration to cease (by listening at the end

of the ETT)

Trends in auto PEEP values can be used clinically to gauge
improvement/deterioration in asthma and airway malacia and the
response to bronchodilation or ventilator manoeuvres

Application of extrinsic PEEP to the same value or more of
auto-PEEP may splint open airways, e.g. in tracheobronchomalacia.

o
£
° Auto-PEEP and
:o ' airtrapping
£ '
- 1
E Normal lungs
Insp ! Exp Time

Fig. 7.11 Auto-PEEP can lead to dynamic hyperinflation.
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Assessment of oxygen delivery

e [t is imperative that both pulmonary and cardiac function are assessed
in the context of global oxygen delivery and consumption

e Oxygen delivery is determined from the product of cardiac output and
the oxygen content (see [l Box 6.9, p.86) (by SaO; rather than PaO,)
and the means by which oxygen is transported to the cell (haemoglobin
level and cardiac output) the intensivist can assess the patient in terms

of global oxygen delivery

e Oxygen delivery is influenced by the behaviour of the oxyhaemoglobin
dissociation curve (Box 7.10):

Box 7.10 Oxygen transport and the haemoglobin

dissociation curve

The affinity for oxygen by haemoglobin increases with increased arte-
rial saturation (SaO,). As a result the oxygen haemoglobin curve has a

sigmoid shape.
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Fig. 7.12 Diagram of the oxyhaemoglobin dissociation curve. In a normal adult,
point A represents a serious hypoxia and B the level at which consciousness is
lost. The point of note is that A is dangerous because it is on the inflection point
of the curve so that a small drop in oxygen tension causes a profound drop in
oxygen saturation of haemoglobin and hence oxygen content.

(Continued)
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Box 7.10 Oxygen transport and the haemoglobin
dissociation curve (Continued)

Certain conditions can displace the oxygen dissociation curve. These
will affect SaO, and therefore delivery (DO,).
e Factors which shift curve to right and help offload O, to tissues
include:
 12,3-diglycerophosphate
* Acidosis
* Hyperthermia, e.g. fever
e Factors which shift curve to left and therefore reduce DO,
(i-e. increase haemoglobin saturation) include:
* {2,3-diglycerophosphate
¢ Alkalosis
* Hypothermia
e Abnormal haemoglobins such as carboxyhaemoglobin not only shift
the curve to the left but also have toxygen binding capacity. As a
result severe tissue hypoxia can result.

e Cardiac output and hence oxygen delivery varies inversely with blood
viscosity. Normally haematocrit dictates blood viscosity—a high
haematocrit is associated with falling DO,. The optimal haematocrit
for maximum DO, is unknown but there is good evidence that a lower
limit of Hb of 7g/dL is adequate for most children

o Global estimates of total body oxygen delivery allow for bedside
interpretation:

* Metabolic acidosis
* Lactate production
* ScyvO; (from a central line).

Conclusion

An appreciation of basic physiology of both pulmonary and cardiac
systems allows the intensivist to make in-depth bedside evaluations of
their patients based on underlying pathophysiology.

Further reading

Lumb AB (2006). Nunn’s Applied Respiratory Physiology, 6™ edn. Elsevier.
West |B (2008). Respiratory Physiology: The Essentials, 8" edn. Lippincott Williams & Wilkins.
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Intubation

Indications

e Apnoea or inadequate respiratory drive

o |neffective respiratory effort, e.g. Guillain—Barré syndrome

o ‘Lung’ failure, e.g. pneumonia

o Airway protection, e.g. in coma

o Upper airway obstruction, e.g. epiglottitis

e To facilitate mechanical ventilation to reduce work of breathing and
oxygen consumption, e.g. septic shock, post-cardiac surgery

e To protect/maintain airway during anaesthesia, e.g. for invasive
procedures.

Endotracheal tube selection

Cuffed vs. uncuffed tubes

In infants and younger children, the cricoid ring is the narrowest part of
the upper airway and an uncuffed ETT is commonly used. In older children
and adults a cuffed ETT is required. The appropriate internal diameter
(ID) and length of ETT can be estimated using formulae:

Table 8.1 Formulae for ETT selection

Age ETT size ETT length ETT length (cm):
(ID mm) (cm): oral nasal

Prem neonate 2.5-3.0 6-8 Not recommended

Term—6 months ~ 3.5-4.0 9-11 11-13

6-12 months 4.0-4.5 10-12 12-15

12-24 months 4.5-5.0 11-13 14-16

>24 months Age (years)/4 + 4 Age (years)/2 + 12 Age (years)/2 + 15

Some centres now use cuffed ETTs in all age groups, including neonates,
with successful outcomes. In certain situations in which it could be dif-
ficult to reintubate a patient, a cuffed tube should be considered from
the outset. A smaller diameter tube to that suggested by the formulae in
Table 8.1 will be needed.

Special situations

o In children where there is marked narrowing of the upper airway
(e.g. severe laryngotracheobronchitis) a standard tube of the
appropriately small ID may be too short. In such cases a ‘croup tube’
should be used—these are extra long, small diameter ETTs

o |n patients with facial burns the ETT length must take account of the
very marked facial swelling that will occur after the injury. If an ETT
does not have sufficient length to allow for this, there is a risk that
the tube will be pulled up out of trachea as the face swells and it may
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be very difficult to reintubate the patient. Similarly, a cuffed ETT is
recommended in a patient with facial burns regardless of age.

Route of intubation

e The nasal route is often chosen over an oral ETT in children as it is
easier to secure a nasal tube to the face, particularly once the patient
becomes mobile. Nasal ETTs may be used for several weeks in children
if required and as a result tracheostomy is rarely required, in contrast
to adult ICU practice

e Contraindications to nasal intubation include coagulaopathy and facial
or base of skull fractures. In the emergency situation, oral intubation
will secure the airway more rapidly. A nasal ETT can be substituted in a
controlled manner once the patient’s condition is stabilized.

ETT fixation

It is vital that the ETT is securely fixed to the patient’s face. Accidental
extubation can rapidly lead to life-threatening hypoxia. There are many
methods used to secure ETTs, reflecting the fact that no one technique is
ideal. A simple method is to use cloth tape secured around the tube and
across the face between the top lip and nose (Fig. 8.1).

Fig. 8.1 ETT fixation.

Complications of intubation

Immediate complications of intubation include trauma to mouth, teeth and
larynx, malpositiion of the ETT (oesophageal or endobronchial intubation)
and haemodynamic instability as a result of sedative drugs and initiation of
positive pressure ventilation. Late complications include ventilator asso-
ciated pneumonia, trauma to the subglottic region leading to subglottic
oedema or stenosis and pressure effects causing trauma to the nose or
mouth. Some of these can be minimized by the use of appropriate moni-
toring, correct choice of ETT size and reliable tube fixation.
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Rapid sequence induction (RSI)

The goal of RSI is to secure the airway with an ETT quickly while
minimizing the risk of aspiration of gastric contents. Any critically ill child
should be considered at risk for aspiration. RSI involves the use of an IV
anaesthetic induction agent and a muscle relaxant. Before deciding to use
RSl in a given situation, it is essential to appreciate that 2 gambles are
being taken. The first is that the patient will prove possible to intubate
with the available personnel and equipment, or at the very least that main-
tenance of oxygenation and ventilation of the lungs will be possible by
other means (e.g. bag and mask) for the duration of action of the muscle
relaxant. The second is that the dose of induction agent chosen will be
sufficient to ensure lack of awareness while the airway is secured without
precipitating cardiovascular collapse in a critically ill patient.

It is therefore necessary to make an assessment of the patient’s airway
(see difficult intubation section) and to have knowledge of the effects of
various anaesthetic drugs. If the odds are not favourable, particularly on the
first gamble, then you should not embark on a rapid sequence induction
(see [ Difficult intubation, p.135).

Preparation

The equipment and monitors that are required are shown in Boxes 8.1
and 8.2. All equipment should be checked—do not rely on others having
done this for you. In addition there should be equipment available to deal
with the ‘can’t intubate, can’t ventilate’ situation, i.e. kit for cricothyroid
puncture and ventilation via that route. IV fluids and vasopressors should
be prepared to deal with the adverse cardiovascular effects of sedation
and ventilation.

The person performing the intubation needs competent assistance to pass
equipment and apply cricoid pressure. If the intubator is inexperienced,
there should be direct supervision by someone competent in the tech-
nique. Additional personnel are needed to administer drugs and IV fluids.
There must be a backup plan if intubation proves difficult and your assist-
ants should be briefed.

Unless contraindicated (possible unstable c-spine) the patient’s head
needs to be in the ‘sniffing the morning air’ position—cervical flexion and
atlantoaxial extension. Infants have a relatively large occiput, which pro-
duces natural cervical flexion. Older children may need a towel, pillow or
head ring behind the head to achieve this.
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Box 8.1 RSI equipment

Laryngoscopes (2 working)

ETTs of appropriate size (including smaller and larger sizes than
predicted)

Gum elastic bougie, stylet

Suction capable of aspirating gastric contents and airway secretions
Breathing system (e.g. Ayre’s T-piece) capable of positive pressure
ventilation of lungs with 100% oxygen.

o Oxygen supply

o Face mask

o Guedel airways of appropriate size

o

°

o

Magill’s forceps for nasal intubation
Syringe (for cuffed ETT)
Tape to secure ETT

o A pillow (for older children/adults).

Box 8.2 RSI monitoring

e Capnography
e Pulse oximeter
e ECG

e BP

e Stethoscope.

Choice of drugs—induction agents
(Properties of these agents and scenarios for use are covered in detail in
[ Chapter 9.)

Ketamine and thiopentone are the induction agents most commonly used
for intubation in PIC. Of the other induction agents, Propofol is likely to
cause marked cardiovascular depression, Benzodiazepines such as mida-
zolam have too slow an onset of action. Opioids such as fentanyl may
be used as adjuncts to the induction agents, but do not produce loss of
consciousness when used alone.

Choice of drugs—muscle relaxants
(Details of muscle relaxants are in £ Chapter 10.)

The role of the muscle relaxant is to facilitate intubation and subsequent
ventilation by the complete paralysis of skeletal muscles through blockade
of neuromuscular transmission. The patient is then entirely reliant on
external means to maintain ventilation and oxygenation. In RSI desirable
properties of a muscle relaxant drug include rapid onset of action, minimal
side effects, and a short duration of action (to allow the return of spon-
taneous breathing if intubation fails). Suxamethonium is the only drug that
fulfils this requirement—it has an onset of action of 20—40s and produces
excellent intubating conditions (after total body fasciculations). It wears
off in 5min However, it is associated with a number of undesirable effects
including bradycardia, acute, severe hyperkalaemia in burns or spinal cord
injury, rhabdomyolysis in muscular dystrophies, and a relatively high incidence
of allergic reactions. Vecuronium, atracurium, rocuronium (see Box 8.3), and
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pancuronium are suitable for more elective intubation when you can be
sure to intubate.

Box 8.3 Rocuronium

Rocuronium may soon be a suitable alternative to suxamethonium in
RSI. A novel agent (sugammadex) may prove useful in reversing the
effects of rocuronium rapidly in the failed intubation situation. Currently
there is little data regarding the use of sugammadex use in children.
Rocuronium has few of the side effects of suxamethonium

Technique of RSI

o Preoxygenation (to fill FRC of lungs with oxygen)

e Rapid injection of induction agent followed by muscle relaxant

e Application of cricoid pressure to occlude the oesophagus (and thus
prevent regurgitation of gastric contents into the oropharynx)

e Intubation of the trachea after 45-60s

o Cricoid pressure is released once the ETT is confirmed to be in the
trachea by capnography and the cuff has been inflated.

Standard adult teaching has been not to ventilate the lungs with bag and
mask before intubation. However, in young children, particularly with lung
pathology, this is likely to lead to significant hypoxia. Therefore the tech-
nique should be modified by the use of bag-mask ventilation once cricoid
pressure has been applied.
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Difficult intubation

Some syndromes associated with difficult intubation
(See [ Chapter 38.)

e Pierre—Robin

o Treacher—Collins

e Goldenhar

e Mucopolysaccharidoses (Hurler’s, Hunter’s etc.)

e Crouzon’s, Apert’s.

Other situations where intubation may be difficult
e Facial trauma

e Infection (epiglottitis, Ludwig’s angina)

e Burns

o Cervical spine trauma or instability.

Airway assessment

o Always assess the airway of any patient you plan to intubate

o Examine the patient, particularly looking for small mandible, limited
mouth opening, restricted neck movement, cleft palate, ‘syndromes’

o Assess for signs of upper airway obstruction (e.g. stridor)

o Assess for risk of aspiration (e.g. full stomach, trauma, acute abdomen)

e Past history of airway management—make sure you look at previous
anaesthetic records but beware of progressive conditions such as
mucopolysaccharidoses.

Techniques

A simple decision tree is shown (Fig. 8.2). The overriding principle is that
if difficult airway management is predicted then spontaneous breathing
should be maintained until the airway is secured. In adult practice awake
intubation may be performed under local anaesthesia. Awake intubation is
also possible in neonates. However, this requires skill on the part of the
intubator and assistant and may result in hypertension and hypoxia.

In paediatric patients the following approach is recommended:
e Get senior help (experienced anaesthetist, ENT surgeon)
o Consider passing NG tube to empty stomach (not in epiglottitis)
o Prepare equipment (see Box 8.4) and apply monitors—SpO,, ECG, NIBP
e Give atropine or glycopyrronium 30min preintubation to reduce
secretions (preferably M)
e Induce anaesthesia with volatile anaesthetic agent (sevoflurane or
halothane)
e Maintain spontaneous ventilation
o The depth of anaesthesia required for laryngoscopy may cause marked
cardiovascular depression—frequent measurement of NIBP and
palpate central pulse volume
o Perform laryngoscopy once deep plane of anaesthesia is reached
e The view at laryngoscopy may be improved by:
 Repositioning patient (e.g. pillow, extend head on neck)
* External manipulation of larynx (back, up, and to the right—BURP
manoeuvre)
 Use of different laryngoscope blade
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o [f unable to intubate either wake patient up or proceed to special
techniques (e.g. fibreoptic intubation) (Box 8.4)

e Do not persist with attempts to intubate using a failed technique

o The laryngeal mask airway may provide a means to maintain ventilation
and oxygenation and act as a conduit for fibreoptic intubation.

Box 8.4 Difficult airway equipment

o Laryngeal mask airway—have range of sizes available.
e Bougies

o Stylet

e Range of ETT sizes

o Paediatric fibreoptic bronchoscope

o Cricothyroidotomy set plus means to ventilate

e McCoy laryngoscope—tip of blade can be flexed
e Airway exchange catheter—can provide oxygenation.

ETT position confirmation

e The gold standard for ETT position confirmation is detection
of ETCO, with trace or disposable detector—ETCO, detection is
mandatory in PICU.

e ETT seen to go through cords

e Fogging inside ETT

e Chest rises and falls with ventilation

e Equal breath sounds on auscultation (listen in axillae).

Difficult airway

predicted?
Yes No
4 4
Maintain spontaneous T
breathing until Aspiration risk?
airway secured
No Yes
Most ‘elective’ Rapid sequence
anaesthesia induction

Fig. 8.2 Decision tree for difficult intubation.
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Failed intubation drill

o Recognize failure early—patients do not die from failure to intubate
but from failure to oxygenate
e Maintain oxygenation and ventilation using bag and mask and Guedel
airway. Send for help (experienced anaesthetist, ENT surgeon)
e Do not persist with attempts using a failed technique—this can rapidly
result in glottic oedema and make mask ventilation impossible or
preclude techniques such as fibreoptic intubation
If bag-mask ventilation fails:
* Try 2-person technique (1 to hold mask and perform jaw thrust and
other to squeeze bag)
* Try laryngeal mask airway (Table 8.2)
If can’t intubate, can’t ventilate scenario occurs and severe
hypoxaemia ensues then perform cricothyroidotomy and oxygenate by
this route (see [ Cricothyroidotomy, p.137)
o |f mask ventilation is successful, oxygenate patient and use techniques
for difficult intubation outlined earlier if skilled or await senior help.

Table 8.2 LMA sizes

Weight kg LMA size
<5 1

5-10 1

10-20 2

20-30 2%

30+ 3

Cricothyroidotomy

Cricothyroidotomy is a technique of failure. It is very rarely undertaken in
children, but has the potential to be life-saving in the ‘can’t intubate, can’t
ventilate situation’. Equipment should be available wherever a patient will
be intubated. Suitable kits are available—you should familiarize yourself
with the available equipment in your hospital

Indications

Any condition associated with upper airway obstruction and difficult intu-
bation, resulting in a can’t intubate, can’t ventilate scenario:

e Foreign body

e Epiglotittis

Burns

Angio-oedema

Facial trauma

[ ]
[ ]
[ ]
e Retropharyngeal abscess.
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Methods

Needle cricothyroidotomy (Boxes 8.5 and 8.6)

e Suitable for any age child

o A cannula may be placed through the cricothyroid membrane and
connected to a high-pressure oxygen supply allowing for intermittent
ventilation—this technique requires an unobstructed upper airway for
expiration or severe barotrauma will result.

Box 8.5 Needle cricothyroidotomy equipment

o Largest size cannula available” and 5-mL syringe

e Ventilation circuit. This consists of bubble oxygen tubing, a Luer lock
connection at one end and an opening to the atmosphere that can
be occluded. It must be long enough to reach from the wall oxygen
supply to the patient

o Local anaesthetic

o Roll/pad for under the shoulders.

"Purpose-made cannulae are available in various sizes; 12g for adults, 14g for children and 18g

for babies.

Box 8.6 Needle cricothyroidotomy technique

Prepare and check equipment

e Place patient in supine position

Extend neck with the roll/pad (consider risk/benefit if c-spine injury

suspected)

Identify the cricothyroid membrane

If time, clean the neck with an alcohol swab and infiltrate with local

anaesthetic

Attach the syringe to the metal stylet of the cannula

o Place finger on cricoid cartilage as a guide and to stabilize neck

e Insert the cannula through the cricothyroid membrane at a 45° angle
caudally, aspirating as you go

e When air is aspirated stop advancing the cannula

o Slide the cannula off the needle into the trachea

e Remove the needle and reattach the syringe to the cannula. Make
sure that air can still be aspirated

o Fix the cannula in place and attach the circuit to it (the circuit must
be open to atmosphere when connected)

o Attempt insufflation of oxygenation, starting at 2L/min minimum

(initial oxygen flow (L/min) = patient’s age in years)

Occlude opening in tubing for 1s and release for 4s

Increase by 1L/min until chest is seen to rise and oxygenation

improves or 15L/min is reached.

A\ Expiration is passive via the upper airway and will occur in most
cases. If this is completely obstructed then insufflation must stop once
the chest has risen sufficiently.
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Sugical cricothyroidotomy (Boxes 8.7 and 8.8)

o Alternatively a small tracheal tube may be placed through the
cricothyroid membrane and connected to a bag-valve system for
ventilation

o Suitable for children over 12 years of age.

Box 8.7 Sugical cricothyroidotomy equipment

o Surgical cricothyroidotomy set, or cutdown set and size 4.0 ETT or
tracheostomy tube (cutdown set should include scalpel and artery
forceps)

Bougie/introducer (if not included)

LA

Roll/pad

Self-inflating bag.

Box 8.8 Sugical cricothyroidotomy technique

Prepare and check equipment

Place patient in supine position

o Extend neck with the roll/pad (consider risk/benefit if c-spine injury
suspected)

Identify the cricothyroid membrane

If time, clean the neck with an alcohol swab and infiltrate with local
anaesthetic

Make vertical skin incision from cartilage to cartilage

Open skin and control bleeding with a finger either side of the
wound

e Make a horizontal stab through cricothyroid membrane (do not
incise laterally)

Open up membrane horizontally with artery forceps

Insert bougie/introducer

Railroad airway device over bougie/introducer and remove

o |f possible, check position by aspirating air

o Attach 15mm Portex connector

o Attach self-inflating bag and commence ventilation

o Check for chest movement, air entry and ETCO,.

Complications

e Asphyxia

e Aspiration

Haemorrhage
Haematoma

False passage
Subcutaneous emphysema
Oesophageal perforation

]
L]
L]
L]
L]
e Barotrauma.
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Reasons for failure of technique

e Equipment not available

Inability to identify landmarks

o |nability to access trachea

o Excessive escape of gas through upper airway
o Complications.

Caveats

o The most difficult part of the procedure is making the decision to do it.
The alternative may be that the patient dies. You have nothing to lose

o Always call for an ENT surgeon to undertake a formal tracheostomy;

needle cricothyroidotomy will only buy you minutes and may fail

Consider sedating/paralysing the patient in extremis

Identification of the cricothyroid membrane is difficult in babies and

infants, as the thyroid cartilage is less prominent—it is easy to mistake

the hyoid bone for the thyroid cartilage

The cricothyroid membrane is only 2.5mm long and 3mm wide in

neonates—too small to take an ETT

o Filling the syringe with some saline often makes identification that air
has been aspirated easier (you see bubbles in the syringe)

o Needle cricothyroidotomy will help oxygenate, but will not ventilate

the patient

Surgical cricothyroidotomy will allow ventilation as well as

oxygenation, providing the upper airway leak is not too great.

Box 8.9 The dreaded mediastinal mass

Rarely mediastinal masses may present in children with signs of respira-
tory distress (stridor, cough, orthopnoea) and SVC compression (facial
swelling). These patients are at substantial risk of death with poorly
planned attempts at anaesthesia or intubation. The use of IV anaesthetic
agents and particularly muscle relaxants may lead to rapid airway com-
pression and SVC occlusion. The level of compression may be such that
endotracheal intubation fails to relieve this obstruction and in addition
cardiovascular collapse may result from SVC or pulmonary artery com-
pression. Never attempt intubation in a child with suspected significant
mediastinal mass without very experienced anaesthetic assistance unless
you absolutely have to.
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Tracheostomy

e Tracheostomy is performed much less frequently in PIC than in adult

intensive care practice

Children may be ventilated safely using an ETT for many weeks

o Percutaneous dilational tracheostomy is very rarely used in children

e The majority of tracheostomies in children will be performed as
planned procedures under general anaesthesia in the operating room

o There is a significant mortality associated with tracheostomy tube
blockage or displacement in children, particularly below 1 year of age
(approximately 2% in reported case series)

o Approximately half of tracheostomies are performed in children
<1 year of age

o There are considerable implications for the family, who will need to
learn to care for a tracheostomy before they can take their child home,
and for the child, particularly with swallowing and speech

o Decannulation is eventually achieved in approximately 40—-60% of
children, depending on the indication for tracheostomy and their
underlying condition (e.g. severe neurological impairment).

Indications

o Subglottic stenosis (e.g. following prolonged intubation in premature
neonates)

o Congenital defects causing upper airway obstruction
* Craniofacial disorders (e.g. Pierre-Robin, Crouzon’s)
¢ Laryngeal cleft
* Vascular malformations
e Cystic hygroma

o Bilateral vocal cord palsy

e Severe tracheomalacia

o Need for prolonged mechanical ventilation

e Airway protection in patients with long-term neurological impairment
(e.g. following severe intracranial injury)

e Tracheostomy is now rarely used in acute inflammatory conditions
causing upper airway obstruction (e.g. epiglottitis).

Care of the new tracheostomy

o The patient is at greatest risk of complications from blockage or
displacement of the tracheostomy in the first 7-10 days before there is
a well-defined tract between skin and trachea

o Nurses must be skilled in tracheostomy care and the patient initially
managed in a HDU or PICU environment

o Staff caring for the patient should be aware of whether the patient
is likely to be difficult to intubate orally and if there were difficulties
performing the tracheostomy. Check for the presence of stay sutures
placed through the trachea

o A spare tracheostomy tube of the appropriate size must always be kept

with the patient

As the upper airway is bypassed, inspired gases must be humidified

e A CXR must be obtained to assess tube position and exclude
pneumothorax
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o The tracheostomy tube must be properly secured with tapes—it is
best to leave this to experienced nursing staff (or a skilled parent).

Blocked tracheostomy

e Send for help—senior anaesthetist or intensivist, ENT surgeon

o Give oxygen via face mask and tracheostomy. Assess whether there is
movement of bag of breathing system

o Try to pass suction catheter

e Remove inner tube if present—with double cannula tracheostomy tube

o Apply monitors—SpO,, capnography

o Deflate cuff if patient making respiratory effort

e Consider oral intubation or replacing tracheostomy tube.

Displaced tracheostomy

e From about 10 days following formation there should be a well-defined
tract and a tracheostomy tube can usually be reinserted without
difficulty. Before this time there is a risk of failure to recannulate or
creation of a false passage

o [f the tracheostomy tube is dislodged early after formation, then it is
usually best to secure the airway with a standard oral ETT

o |n situations where this is not possible (e.g. very difficult intubation),
the tracheostomy tube will need to be reinserted through the stoma.
The use of a bougie or the presence of stay stitches to the trachea may
aid reinsertion

o [f the patient is breathing and can maintain an adequate airway without
the tracheostomy in place, it is advisable to await senior help.

Changing the tracheostomy tube

e |t is standard practice to electively change a tracheostomy tube after
10-14 days, by which time the tract should be well formed

o Position the patient so as to expose the neck, preoxygenate

o A well-lubricated tracheostomy tube of the appropriate size is placed
through the stoma and the inner obturator removed

o [f the tube requires changing early after formation, a bougie or airway
exchange catheter may be used to guide reinsertion. Facilities for oral
intubation should be immediately available if needed.

Types of tracheostomy tube

The most commonly used tracheostomy tubes in children are single cannula

tubes. Table A8 in the Appendix (LI p.869) shows details of Shiley® tubes

(Tyco Healthcare), similar tubes are available from other manufacturers.

Cuffed tubes are useful to reduce aspiration of oral contents and to facilitate

mechanical ventilation.

e Double cannula tubes have an inner cannula that may be removed for
cleaning or if it becomes blocked

o The Bivona® FlexTend™ (Smiths Medical) tube has a flexible tube
extension on the proximal side of the neck flange to keep connections
away from the neck

o Fenestrated tubes allow air to escape upwards into the oropharynx to aid
speech
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o Speaking valves may be used to assist speech. Some are suitable for
mechanically ventilated patients

o Most tracheostomy tubes have an anterior curve that in some patients
may cause the tip to abut against the tracheal wall causing partial
obstruction. Custom-made tracheostomy tubes may be obtained for
patients with a particularly challenging trachea.

Ventilation via tracheostomy

Most tracheostomy tubes have a 15-mm connector that will connect to
standard ventilator tubing. Uncuffed tubes often have a substantial leak
around the outside. If mechanical ventilation is required, then a cuffed
tube may be substituted initially. In the emergency situation an alternative
is to place a cuffed ETT through the stoma or via the oral route to secure
the airway, taking care to avoid endobronchial intubation.

Long-term issues

Infection may occur at the insertion site. Colonization of the stoma with
bacteria is very common. Granulation tissue frequently forms around the
stoma and within the tracheal lumen. This should be assessed for periodi-
cally by an ENT surgeon and may require debridement.

For details of neonatal and paediatric tracheostomy sizes see [ p.869.

Oxygen therapy

Oxygen therapy should be instigated at first contact in all critically ill
patients. In spontaneously breathing patients, a non-rebreathing face mask
should be used, with an initial flow of 15L/min. If the patient is apnoeic
a bag-valve-mask with a reservoir bag and similar oxygen flows should
be used instead. The oxygen can be titrated once monitoring of oxygen
saturations (SpO,) and ABGs has been established. The SpO; should
be maintained above 90%, unless the child has a congenital heart defect
that allows right-to-left shunting or there is pre-existing compromise of
pulmonary blood flow. Below 90% there is a rapid drop off of PaO; as
this equates to the steep portion of the oxygen dissociation curve. Care
should also be taken in premature neonates because of the risk of cer-
ebral vasoconstriction and retinopathy of prematurity with high oxygen
concentrations. Low SpO, values may occur spuriously when there is
poor peripheral perfusion, motion artefact, a poorly fitting probe, and
severe tricuspid regurgitation.

Principles

The purpose of oxygen therapy is to help maximize oxygen delivery to
the tissues, by optimizing the oxygen concentration in the blood. Oxygen
delivery to tissues is determined by the oxygen flux equation (see £l Box 6.9,
p.86) and is dependant on SaO, haemoglobin concentration and cardiac
output.

Normal PaO; in arterial blood for a patient breathing air at sea level is
13kpa.
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Factors determining PaO,

(See L p.86 and L p.118.)

e Alveolar PO, is largely determined by the alveolar gas equation
(see L) Box 7.4, p.114), i.e. it is dependent mainly on the inspired
oxygen concentration and the alveolar PCO,.

o PaO, (the arterial oxygen tension) is determined by the alveolar—
arterial oxygen difference which varies in disease and depends on:

* Shunt: pulmonary or cardiac right to left.
* Ventilation—perfusion matching
e Alveolar diffusion.

Inspired oxygen concentration

e Depends on type of oxygen delivery system used, most will not deliver
an FiO, >0.6

e Oxygen concentration reaching the patient will not necessarily reflect
FiO,, recorded on the delivery device as there may be leaks in the
system and dilution with entrained air

o High inspired oxygen can keep a hypoventilating patient well
oxygenated (i.e. normal SaO,) whilst they are developing significant
hypercapnia.

Indications for oxygen therapy

e Main indication is hypoxaemia, as monitored by pulse oximetry or
ABGs. Depends on patient’s normal SpO,. Chronic hypoxaemia, as in
cyanotic congenital heart disease, is well tolerated by most patients

e Other indication is clinical signs that may be indicative of hypoxaemia,
e.g. cyanosis, high or low respiratory rate, grunting, chest retractions,
and inability to talk or drink.

e Where oxygen delivery may be compromised—hypovolaemia,
cardiomyopathy, anaphylaxis, sepsis

o Specific clinical situations, such as CO poisoning, chronic lung disease,
and pulmonary hypertension.

Contraindications
No specific contraindications.

Cautions

e Paraquat poisoning

o Bleomycin therapy

e Hypoxic respiratory drive (see Box 8.10)

o Single-ventricle pathology congenital heart disease

o Duct-dependent circulation

e High risk of retinopathy of prematurity

e High FiO, may be associated with absorption atelectasis and direct
toxic effect on lungs.
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Box 8.10 Hypoxic respiratory drive

In adults with COPD there is a tendency to titrate the oxygen concen-
tration to the PaO, and PaCO; values, due to concerns about abolishing
the patient’s hypoxic respiratory drive. There are very few paediatric
patients in whom such a situation exists. As always the priority in the
critically ill patient is to maintain oxygenation, and oxygen therapy
should not be withheld because of this theoretical concern. Providing
oxygen and carbon dioxide levels are monitored and normalized for
that patient, they will not come to any harm.

Methods

This requires a wall oxygen outlet or oxygen cylinder and a delivery system
to supply the oxygen to the patient. Devices can be fixed or variable
performance.

Fixed performance device

An accurate concentration of oxygen is supplied to the patient at a flow
rate exceeding the patient’s peak inspiratory flow rate, thus avoiding air
entrainment and dilution of the FiO,.

Variable performance device

Oxygen is supplied at a fixed flow rate and relies on the mask or
nasopharynx to provide a reservoir of oxygen for the patient to inspire.
If the reservoir and fresh gas flow are not large enough to cover the
patient’s peak inspiratory effort and tidal volume, air entrainment occurs
to supplement the gas flow, thus reducing the FiO,. The FiO, will there-
fore vary depending on the patient’s size and minute ventilation, and the
fresh gas flow.

Monitoring a patient receiving oxygen therapy
Patient

o Clinical—colour, heart rate, respiratory rate, conscious level
o Pulse oximetry

e ABG

e Transcutaneous oximetry.

Circuit

e Flow meter

e Oxygen analyser.

Weaning

Oxygen therapy should be titrated against SpO, and PaO, values appro-
priate for the patient. Weaning can occur with resolution of the underlying
clinical problem and improvement in respiratory function. Oxygen con-
centrations <50% are unlikely to do the patient any harm, so if in doubt,
maintain therapy until fully recovered.
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Mechanical ventilation and oxygen
support systems

Critically ill children often require endotracheal intubation and mechanical
ventilatory support as part of their intensive care management. Although
the techniques of mechanical ventilation have not changed greatly in
recent years, our application of these techniques has, due to an increasing
awareness of the pathophysiology of ventilator-induced lung injury (VILI)
and use of high-frequency oscillatory ventilation (HFOV).

Physiology

There are a number of adverse physiological factors in infants and young
children that increase their susceptibility to ventilatory failure in the pres-
ence of respiratory disease:

o Narrower airways

o tairway resistance

e More compliant chest wall

e More horizontal ribs

e Lower FRC

e Lower position on lung compliance curve

o Closing volume impinging on tidal ventilation

o Less functional alveoli

o Less type 2 (slow-twitch) respiratory muscle fibres.

Mechanical ventilation is rarely indicated on non-clinical grounds (i.e.
on numbers) alone but by evaluating the clinical situation with clinical
examination and physiological variables.

Criteria for considering mechanical ventilation

o Clinical condition—tachypnoea, grunting, accessory muscle use,
tachycardia, bradycardia, impaired consciousness, cyanosis, exhaustion

e FiO, >0.6

e Abnormal PaO,, PaCO,, and pH (H") values

o A-aDO, >450mmHg

L] PaOz/FiOZ <20

e Oxygenation index (OI) >13.

Clinical situations associated with mechanical ventilation
Respiratory

o Hypoxaemia

e Hypercapnia

o Apnoea/inadequate respiratory effort
o Inhalational injury

o Flail chest

e Pulmonary oedema

e Airway obstruction.

Cardiovascular

e Circulatory instability

e Vascular access

o Heart failure.
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Neurological

o Neurological failure/encephalopathy
e Apnoea

e lconscious level/airway protection
o Cerebral oedema

e Control of ICP.

Therapeutic

e Tracheobronchial toilet

e CO, control

e Surfactant administration

o Administration of resuscitation drugs.

Other

e Postoperative—awakening/stability/surgical
e Transportation

e Imaging.

In general, if you think a patient needs mechanical ventilation, they prob-
ably do!

Ventilator modes

There are two main modes of ventilatory support in paediatric prac-
tice; IPPV and HFOV. The former is by far the most common method
employed and is suitable for the majority of patients. HFOV is generally
limited to those with severe impairment of respiratory function, which is
difficult to manage with conventional ventilatory techniques.

Intermittent positive-pressure ventilation (IPPV)

IPPV is a form of artificial ventilation where inspirations are provided by
application of positive pressure to the airways, achieving alveolar ventila-
tion close to physiological tidal volumes and rates. It can be adjusted to
achieve the desired oxygen and carbon dioxide levels in arterial blood.
Only the inspiratory phase is active, with exhalation occurring through
the ventilator, by passive recoil of the chest. It can be delivered in either
control or support modes, depending on the patient’s intrinsic respiratory
effort.

Positive-end expiratory pressure (PEEP)

PEEP is used to prevent alveolar collapse at the end of expiration, main-
tain FRC and reduce pulmonary oedema. All ventilated patients should
receive some PEEP (3-5cmH,O) to prevent the ventilation cycle from
drifting below the lower inflection point of the pressure-volume curve
as a result of airway and alveolar closure. In severe lung pathology, higher
levels of PEEP (10-15cmH,0) may be needed to maintain lung volume.
Only very high levels of PEEP for sustained periods of time will recruit
collapsed alveoli, so it is often preferable to undertake an alveolar recruit-
ment manoeuvre when lung volume has been lost and use PEEP to
prevent reoccurrence. High PEEP can cause barotrauma, cardiovascular
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compromise, impaired pulmonary blood flow, CO; retention, and twork
of breathing, particularly when applied inappropriately.

Control modes

Volume control (VC) ventilation

Each breath is fully supported by the ventilator with a preset volume
control breath. If the patient stops breathing, a minimum number of
breaths are still supplied. If additional breaths are taken, each is supported
by a volume control breath, provided the triggering mechanism is set
correctly. Flow is delivered in a constant flow pattern across inspiration
(Fig. 8.3). A pause time is typically applied at the end of inspiration during
which the ventilated breath is held in the lungs.

Pressure control (PC) ventilation

Each patient breath is delivered at a fixed inspiratory pressure with a
decelerating flow waveform (Fig. 8.3). May have advantages in terms of
more even distribution of gas flow within the lungs, but tidal volume will
vary depending on changes in the compliance and resistance.

Pressure-regulated volume control

Pressure-supported breath that aims to supply a fixed tidal volume to the
patient, irrespective of changes in lung compliance and resistance. The
waveform is like a pressure-control breath, with a square waveform and
decelerating flow pattern, but the peak pressure will be varied by the ven-
tilator, depending on the tidal volume delivered with the previous breath.
In theory brings together the advantages of both VC and PC control with
a prescribed tidal volume delivered via a decelerating flow.

Volume control Pressure control

Pressure

Volume

=, A,
mi
&

Time Time

Fig. 8.3 Volume control and pressure control ventilation.
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Support modes

For weaning patients who are making spontaneous respiratory effort. A
number of modes are available which can be used in isolation or in com-
bination, for example synchronized intermittent mandatory ventilation
(SIMV) + pressure support. There is no evidence that one mode is better
than another in terms of speed and success of weaning or extubation.
Triggering (Box 8.11)

In order for the ventilator support to be synchronized with patient effort
there needs to be a way for the patient’s respiratory effort to be sensed
back at the ventilator. This is done by setting the ‘trigger sensitivity’ on the
ventilator to detect a reduction in pressure or flow within the expiratory
limb of the circuit and ventilator as a result of the patient drawing gas flow
from the circuit during early inspiration. Modern ventilators are able to
produce effective synchronization with only minimal lag time.

Box 8.11 Triggering the ventilator

It is common to observe problems with triggering of the ventilator
in PICU. On many occasions these go unnoticed for some time. Two
extreme situations demonstrate the importance of setting the trigger
sensitivity at the appropriate threshold:

1. Trigger threshold set too high

Example: patient on SIMV, PEEP 5cmH,O, trigger set at —16cmH,O.
Patient noted to have laboured breathing, ventilator not synchronizing
with the patient, not ‘triggering’. In this situation the patient must make
sufficient inspiratory effort to lower the circuit pressure 16cmH,O
below the PEEP level, to —11cmH,0O, before the ventilator detects a
patient effort and releases additional gas flow into the inspiratory limb
of the circuit. Most patients will not be capable of generating sufficient
effort to do this and so will not be able to trigger the ventilator to
provide gas flow for respiratory efforts over and above the SIMV rate.
They breathe like a fish out of water!

2 Trigger sensitivity set low resulting in ‘auto-triggering’ of the ventilator
In this situation the trigger threshold is set appropriately but something
other than the patient results in a change in pressure or flow within
the ventilator circuit which is interpreted by the ventilator as patient
effort—the result being additional ventilator support each time the
triggering rule is met. By far the commonest cause of this is a build up
of water within the ventilator circuit as a result of rain-out—the ‘to and
fro’ motion of the water is enough to cause a fluctuation in pressure
or flow in the circuit. In adults an active cardiac impulse may be suf-
ficient to cause this. The patient in this situation will be observed to
be triggering a very high ventilator rate, often >100/min. Such a high
rate should make you suspicious that the problem is auto-triggering—
ensure that all water is evacuated from the circuit.

In either of these situations the immediate management is to take the
patient off the ventilator and place them on a T-piece bagging circuit.
In situation 1 the patient will immediately be more comfortable as a
result of having a continuous supply of fresh gas flow. In situation 2 the
patient will no longer breathe at such a high rate—in fact as a result of
hypocapnia they will typically not breathe much at all!
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Simv

A fixed number of volume control (SIMV-VC) or pressure control
(SIMV-PC) breaths are synchronized with the patient’s respiratory effort.
Breaths can be triggered by the patient during the SIMV period of the
respiratory cycle. If the patient fails to initiate a breath, the ventilator will
deliver a mandatory breath at the end of the SIMV period.

Pressure support ventilation

A fixed-pressure, decreasing flow breath is delivered to the patient during
spontaneous respiration. At a given pressure, tidal volume will vary depending
on lung compliance, airway resistance and the duration of inspiration. In con-
trast to other modes pressure supported (and volume supported) breaths
are flow cycled rather than time cycled—that is to say Ti is not fixed, inspira-
tion terminates when flow falls to ~25% of peak inspiratory flow.

Volume support ventilation

Each patient breath is supported by a variable amount of pressure support
in order to deliver a fixed tidal volume. As lung compliance improves, so
the level of pressure support delivered with each breath reduces. The
tidal volume necessary to produce satisfactory gas exchange can also be
reduced.

Proportional assist ventilation

A unique method of ventilation, whereby the ventilator guarantees to
undertake a fixed proportion of the patient’s work of breathing by varying
the pressure support delivered. The ventilator constantly monitors patient
respiratory effort and adjusts the level of support accordingly.

Airway pressure release ventilation (APRV)

CPAP-based method, where a high inspiratory pressure is maintained
for most of the respiratory cycle and intermittently released to allow tidal
ventilation and CO, clearance. The high MAP means it is good for conditions
where oxygenation is compromised by alveolar derecruitment. Spontaneous
breathing can occur at either the higher or the lower pressure level.

Bilevel positive airway pressure (BIPAP)

Similar concept to APRV but with a more conventional inspiratory and
expiratory time and |:E ratio. Spontaneous breathing is possible throughout
the ventilator cycle at either the high or low pressure levels. Note this is
BIPAP; BiPAP® is the patented term used by Respironics for a mode on
their non-invasive ventilators and is analogous to patient-triggered pres-
sure control ventilation.

CPAP
High-flow gas at a constant pressure is delivered to the patient, main-

taining FRC and alveolar recruitment. Oxygenation is optimized, but there
is no support for alveolar ventilation and thus CO, clearance.

Principles of ventilation

o Deliver tidal volumes of 7-10mL/kg

o Titrate PEEP to maintain the FiO, <0.4

e Maintain plateau pressure of < 30cmH,O and peak pressure at
< 35cmH,0
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o |nitial RR should be appropriate for the age and subsequently guided by
PaCO, on ABG analysis

o [:E ratio of ~1:2 unless expiration delayed, e.g. asthma

o Good humidification.

Initial settings (Table 8.3)

Initial FiO, will be dependent on the presence or absence of pulmonary
pathology. Some patients can be comfortably managed in air, while those
with severe lung disease will often require an initial FiO, of >0.7. Caution
must be exercised in infants with congenital heart disease where the
pulmonary circulation is dependent on a shunt, as a high FiO, may cause
pulmonary vasodilatation and ‘steal’ from the systemic circulation.

Table 8.3 Sample initial ventilator settings

Age
Prem  Neonate- 1-5years 5-12years >12years
1 year

PIP (cmH,O) 20 15 n/a n/a n/a

PEEP (cmH,O) 5 4-10 4-10 4-15 4-15

V1 (mL/kg) n/a 5-10 5-10 5-10 5-10

RR 40-60 25-40 20-25 15-20 12-15

I:E ratio 11 12 12 1:2 1:2

Ti (secs) 04-05 0.65-0.8 0.8-1.0 1.0-1.2 1.5

|:E ratio: inspiratory time:expiratory time ratio, RR: respiratory rate; PEEP: positive
end-expiratory pressure; PIP: peak inspiratory pressure; Ti: inspiratory time; VT: tidal volume.

Monitoring of a ventilated patient

e Standard: ECG, pulse oximetry, BP, ETCO,

e ABGs: pH, PaO,, PaCO,, BE, HCO5

e Ventilatory: volumes, airway pressure, flows, loops, compliance

o CXR: pathology, chest expansion, position of hardware

o Measurement of auto-PEEP (PEEPi): asthma, bronchiolitis,
tracheobronchomalacia
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Troubleshooting

Low PaO,
e Increase FiO,
o Increase mean airway pressure, by
¢ Increasing PEEP
e Increasing inspiratory time/l:E ratio (greater proportion of ventilator
cycle spent at PIP) (see also Box 8.12)
¢ Increasing tidal volume/PIP —not recommended as may result in
volu- and barotrauma
e Improve V/Q matching (recruitment manoeuvre, proning, bad lung
dependent).

High PaCO,

e Increase Vt

o Increase respiratory rate

o Increase tidal volume/PIP (but only if safe to do so)

o Consider reducing PEEP if evidence of overdistension

e Control CO, production (reduce dextrose, cool, paralyse)
o Improve V/Q matching.

Box 8.12 Inverse ratio ventilation (I:E ratio >1)

Close analysis of the trials of inverse ratio ventilation in adults with
ARDS found that the beneficial effect on oxygenation was from PEEP
generated from preventing adequate expiration as a result of shorter
expiratory time. Interestingly inverse ratio ventilation also resulted in
improved CO; clearance.

High airway pressures

e Suction secretions

e Treat bronchospasm

o Treat ventilator asynchrony

e Worsening lung compliance

o Exclude pneumothorax or atelectasis
o Exclude kinking of ETT or circuit

e Exclude endobronchial intubation

e Consider tintra-abdominal pressure
e Consider high levels of auto-PEEP

o Check for fluid in the circuit

e Reduce V1

o Reduce inspiratory rise time

e Increase Ti.

High peak/plateau pressure gap

e Only applicable in VC mode in which a pause time is added at
end-inspiration

o |Implies high resistance to inspiratory flow, since the pressure falls
significantly under conditions of no flow, i.e. during the inspiratory
pause period



SPECIAL SITUATIONS

e Common causes include:
* Asthma/bronchospasm
¢ Secretions
* Short inspiratory time for age and Tv
» Small diameter ETT for age and Tv (croup).

Difficulty triggering ventilator

o Reduced patient effort (exhaustion, residual paralysis, hypokalaemia)
o High auto-PEEP

e Leak around uncuffed ETT or tracheostomy

o Trigger sensitivity set too high.

Special situations

Acute lung injury/ARDS
e ‘High lung volume’/’'open lung’ approach to improve oxygenation
e Strategies which will increase mean airway pressure:

* High PEEP, lengthen Ti (but avoid auto-PEEP)

* ‘Best-PEEP’ can be determined by serial changes in PEEP and
documentation of effect on dynamic lung compliance
(Tv/(PIP-PEEP)) and effect on oxygen delivery, assessed using SvO,,
lactate, CO if available

o Limit tidal volume to 3—6mL/kg, limit PIP to 30-35cmH,O

o Low Tv strategy will result in hypercapnia—tolerate respiratory
acidosis

e Consider HFOV.

Diaphragmatic hernia
Offer ‘gentilation’, with short T;, low tidal volumes, high rate, low inspiratory
pressures and permissive hypercapnia. Low threshold for instigating HFOV.

Asthma
e Increase the expiratory time to avoid breath stacking and air trapping.
* Monitor level of auto-PEEP using an expiratory hold and observe
expiratory flow waveform to minimize degree of gas-trapping
* Note: the level of auto-PEEP is the difference between total PEEP
displayed at the end of an expiratory hold and the level of ventilator
(extrinsic) PEEP
* Allow permissive hypercapnia if prolonged expiratory time and I:E
ratio of 1:4 or 1:5 necessary
o Use low/minimal levels of PEEP in the ventilated asthmatic
o CPAP, higher levels of PEEP will reduce work of breathing in the
spontaneously breathing asthmatic with significant levels of auto-PEEP
* The level of auto-PEEP cannot be measured in spontaneously
breathing patient
« Titrate level of CPAP / PEEP cautiously and observe effect on WOB.

PPHN

Try and avoid factors that will increase or exacerbate pulmonary hyper-
tension such as hypoxia, hypercapnia and acidosis. Maintain a high FiO,
and low normal PaCO,. Consider iNO with or without HFOV.
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Cavopulmonary shunt/Fontan
High PEEP, plateau and mean airway pressures will compromise pulmonary
blood flow, oxygenation and cardiac output. Minimize the degree and
duration of positive-pressure ventilation. Keep Ti short, use physiological
levels of PEEP to prevent atelectasis.

Permissive hypercapnia

The concept of VILI is now well recognized. By limiting tidal volumes and
ventilatory pressures, the incidence can be minimized. This often means
ventilating a patient at V1 of 3—6mL/kg, and allowing the PaCO, to rise
(7-9kPa) and the blood pH to fall (7.15-7.25).

Complications

e Barotrauma: pneumothorax, pneumomediastinum, subcutaneous
emphysema, pulmonary interstitial emphysema (PIE)

o Breath stacking and gas trapping

e Ventilator associated pneumonia

o Airway oedema, subglottic stenosis

e Unplanned extubation

e Chronic lung disease

o Obstruction

o Reduced cardiac output

e Extubation failure.

A useful acronym to remember for the commoner acute complications
of mechanical ventilation is DOPE—this stands for Displacement of
breathing tube, Obstruction, Pneumothorax and Equipment failure.

Weaning and predictors of extubation

Mechanical ventilation has inherent risks to the patient, so it is impor-
tant to determine at what point an attempt can be made to commence
the process of weaning. Once the weaning process is complete, it is also
important to determine at what point the patient should undergo a trial
of extubation.

Weaning
Weaning protocols have not been shown to be superior in children.
The initial indication for ventilation must be resolved before weaning is

commenced. The most commonly used weaning modes are SIMV-PS and
PS-CPAP.

Principles

e Reduce FiO; to maintain PaO, >8kpa

Reduce ventilator RR unless spontaneous RR increases by >20%
Maintain PS/CPAP level to deliver V1 5-7mlL/kg

Minimum PS levels to overcome resistance of ETT have been
suggested: 3.0-3.5mm ETT—10cmH,0; 4.0-4.5mm ETT—8cmH,0;
>5.0mm ETT—6cmH,0
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o Other work suggests similar levels of PS are required across this range
as peak inspiratory flows will also vary with age and size—a lower limit
of 5cmH,0 is used by many.

Predictors

o Adult predictors of success or failure do not generally apply to children

e Spontaneous breathing trial: connect to flow-inflating bag with
5ecmH,O CPAP for 15min. Completion of trial is sensitive predictor of
successful extubation

o Pressure-rate product (PRP): assessment on T-piece most accurate in
predicting PRP post-extubation. Reduced by both PS and CPAP

o No difference in successful extubation if given breathing trial with PS
or T-piece

e Various: VT, RR, Pi(max) and f/Vr,Rapid shallow breathing index
(RSBI)—all poor indicators of success.

Failure to wean

Failure to wean from ventilation—consider the six ‘F’s:

o failure of organ systems: respiratory, cardiovascular, musculoskeletal,
neurological, renal, critical illness myoneuropathy

o feeding: inadequate nutrition, negative nitrogen balance, catabolism,
loss of muscle mass and strength, high glucose load, abdominal
distension

e fear, pain, and anxiety: inadequate analgesia or anxiolysis, and inability
to synchronize with the ventilator, poor cooperation

o Fluid and electrolytes: positive fluid balance with pulmonary oedema,
reduced compliance and tWOB, hypokalaemia, hypocalcaemia,
hypophospataemia

o Fever: active sepsis causing * metabolic rate, oxygen requirements, and
CO; production

e Farmacological (sic): drug overdose, side effects, or residual effects,
symptoms of drug withdrawal.

Extubation

Criteria

e Resolution of underlying disease process

o Awake and coughing

e Minimal ventilatory support: PS <10cmH,O

e Oxygen requirement less than 0.5 and PEEP <8cmH,O with normal
PaOz

o Adequate alveolar ventilation: PaCO, normal or compensated, if raised

o Haemodynamically stable

o Age appropriate respiratory rate

o Electrolytes within normal limits.

Failure

Uncommon: 5-10% patients. Associated with:

e Younger age (<2 years)

e Ventilation for longer >48h

e Higher FiO,, MAP, and oxygenation index

e Low Vtindexed to body weight for spontaneous breaths
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o Higher peak inspiratory ventilator pressures and decreasing mean
inspiratory flow

e Presence of chronic respiratory and neurological disease

e Dysgenetic and syndromic conditions

o Use of epinephrine, steroids and heliox

e Acute or chronic use of NIPPV.

Management post-extubation

e Observe and monitor in PICU until the patient has stable respiratory
function and is unlikely to need reintubation

o Prepare to reintubate if necessary—consider special equipment or
personnel if likely to prove difficult

e CPAP or non-invasive ventilation (NIV) is often useful in patients with
limited respiratory or cardiovascular reserve following extubation.
This may be delivered by nasal prongs, a nasopharyngeal airway, or
close-fitting mask

e Some patients, particularly with a reduced level of consciousness, may
benefit from a nasopharyngeal airway to assist in removal of secretions

o Indications to reventilate include deteriorating blood gases (hypoxia,
hypercapnia), respiratory distress, inability to cough effectively and
clear secretions, or cardiovascular instability

e Feeds may be restarted once the patient has stable respiratory function
and is unlikely to need reintubation.

Post-extubation complications

Stridor is a common problem following extubation of children (Box 8.13).
The most common cause is glottic and subglottic oedema, however other
factors should be considered such as recurrent laryngeal nerve palsy
following intrathoracic surgery, or subglottic stenosis.

Risk factors for post-extubation stridor include:

e Upper airway infection

o History of difficult intubation or multiple attempts

e Trisomy 21

o Children with neurological abnormalities—may have bulbar
dysfunction and poor pharyngeal tone causing stridor and upper airway
obstruction.

Box 8.13 ‘Dextubating’ the patient

Patients at high risk for post-extubation stridor may be given steroids.
Give dexamethasone |V 0.2mg/kg qds for 4—6 doses. Start 1h before
extubation. Stridor that develops after extubation is again treated with
steroids and nebulized epinephrine (0.4mg/kg, max. 5Smg).

Some patients will have problems with sputum retention and require rein-
tubation. This is most likely if there is reduced level of consciousness or
muscular weakness.
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High-frequency ventilation

o Defined as ventilation at rate >150 breaths/min

o Delivers a small tidal volume, usually less than or equal to anatomical
dead space volume

o Expiration may be passive or active, depending on the design of the
ventilator

e Precise mechanism of gas exchange uncertain, but likely to be

combined effects of convection and molecular diffusion

Technologies include HFOV and high-frequency jet ventilation (HFJV)

The majority of high-frequency ventilators work on the principle

of maintaining consistent lung volume with a continuous distending

pressure and having a mechanism for rapid exchange of small volumes

of gas to allow CO; clearance.

Indications for HFV

o Rescue following failure of conventional ventilation

o Air leak syndromes (pneumothorax, PIE)

e To reduce barotrauma when conventional ventilator settings are high

o Clinical trials have not shown definite survival benefit from HFV,
although short-term improvement in oxygenation is frequently
reported.

HFov

The Sensormedics 3100 A/B are the most used ventilators for HFOV
and this discussion will focus on these devices. Some neonatal ventilators
(e.g. Draeger Babylog) offer HFOV modes, although these may only be
usable in small babies. The Sensormedics 3100 A is suitable for premature
neonates through to children with no set upper weight limit. The 3100 B
was designed for patients >35kg, including adults, but may be used for
smaller children.

Principle of operation

The Sensormedics oscillator essentially comprises a circuit providing con-
tinuous distending pressure and a diaphragm resembling a large loud speaker
cone that vibrates to move gas in and out of the lungs. Both inspiration and
expiration are therefore active, in contrast to conventional mechanical
ventilators and some other forms of HFV.

Settings

e Oxygenation is determined by FiO, and mean airway pressure (MAP).
Increasing these parameters will usually improve oxygenation, unless
there is overdistension of the lungs (see Table 8.4)

e CO; clearance is a function of the amplitude of oscillation (AP) and
the frequency (Hz). CO, clearance is usually increased by increasing
amplitude and reducing frequency

o Initial setting for frequency will depend on patient’s age and weight:

* Premature neonate <1kg: 15Hz
* Neonate: 10-12 Hz

¢ Infant and small child: 7-10Hz

¢ Large child and adult: 5-6Hz
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e Bias flow is usually set at 20L/min, but may be reduced in neonates and
increased in larger children — this will alter MAP
e Inspiratory time should generally be left at 33%. Increases may cause

gas trapping.

Table 8.4 HFOV settings

Setting Initial value Subsequent change

Bias flow  20-30L/min

Inspiratory  33%

time

FiO, Similar to CMV setting Depends on SpO, and PaO,
Frequency Age dependent (4-15Hz) Reduce to increase CO; clearance
MAP 5cmH,O above CMV value Change by 2cmH,O increments
AP 15-20cmH,0 above CMV PIP  Change by 5cmH,O increments

Disease groups and ventilation strategies (Box 8.14)

In ARDS and IRDS there is a diffuseprocess with loss of lung volume
bilaterally as the alveoli are collapsed and filled with debris. The goal is
to recruit these parts of the lung. On changing to HFOV a recruitment
manoeuvre is undertaken and the MAP is set 10-15% above the mean
airway pressure achieved on conventional ventilation (CMV). FiO; is set
to 100% and reduced as necessary. After 1-4h a CXR must be obtained
to assess the extent of lung recruitment, the goal being 8-9 posterior ribs
visible. Once lung volume has been recruited it is generally possible to
reduce both FiO, and MAP.

Where there is air leak the goal is to minimize MAP as far as possible.
The MAP on HFOV should be set at the level of MAP achieved on CMV
initially. Lower lung volumes should be aimed for as assessed on CXR.
FiO, may need to be high to compensate.

In all patients CO, clearance depends on an adequate chest wiggle, which
should be visible bilaterally from chest to lower abdomen. AP is adjusted
until this is achieved and blood gases monitored. If CO, remains high, then
the frequency should be reduced, having assessed that lung recruitment is
adequate by obtaining a CXR.

Problems and troubleshooting on HFOV

e The ventilator circuit is quite rigid and generally requires the patient to
be heavily sedated and immobile

o Changes in the lungs (e.g. reduced compliance, secretions) may not be
easily detected, but can lead to marked changes in PaCO,

o Assessment of lung volume requires CXR

e Over-inflation of the lungs may cause barotrauma

e Over-inflation of the lungs can impair venous return and compromise
cardiac output
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o Abrupt rises in pCO, may be caused by:
* Blocked or kinked ETT
¢ Secretions
» Under or over-distension of the lungs (check CXR)
e A leak around the ETT will increase CO, clearance
e Disconnection of the circuit for suction or physiotherapy will lead to
de-recruitment. Often a short-term increase in MAP is required after
these interventions
o A useful rule of thumb is that AP should be <3x MAP. If settings are
outside this range to achieve CO, clearance factors such as need for
suction, frequency (Hz) and adequacy of lung volumes should be assessed
e Transition to CMV is usually performed once MAP is below 20-24cm
H,O, FiO, below 60% and with adequate CO, clearance.

Box 8.14 Open lung strategy during HFOV

HFOV is based on a constant distending pressure and unlike conven-
tional ventilation does not incorporate phasic increases in airway pres-
sure during which lung volume is recruited. As a result attention is
needed during HFOV to recruit the lung after each disconnection and at
other times when derecruitment may occur. A number of approaches
have been described including: 1) increasing MAP to 30-40cm H,O with
the aim of recruiting the lung close to total lung volume; 2) empiric
increase in MAP by 5cmH,O for 5min after reconnection.

After recruiting the lung MAP is slowly reduced until the point is reached
at which lung volume begins to fall steeply (Fig. 8.4)—this point has to
be inferred from a fall in PaO, or SpO, in the absence of a bedside
measure of lung volume. Body impedance technology (Respitrace) is
used in some units to assess change in lung volume during HFOV.

[vaome g P

Av

>
>

Pressure

Fig. 8.4 Effect of a recruitment manoeuvre in a patient with significant lung
hysteresis on HFOV. An increase in MAP drives the lung up the inspiratory limb of
the PV curve, recruiting the lung. On decreasing MAP the lung volume falls along the
deflation limb. Note for the same pressure there is a significant gain in lung volume
which will result in improved oxygenation.
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Non-invasive ventilation (NIV)

CPAP

e CPAP can be used
» To provide respiratory support and avoid the need for intubation
 To provide ‘step-down’ supplementary ventilatory support postextubation

o |t reduces the work of breathing, increases FRC and oxygenation, and
prevents apnoeas.

BIPAP

BIPAP provides the same effects as CPAP, as well as supplementing
alveolar ventilation and improving CO, clearance. It can be used as an
alternative to IPPV in patients where ventilation is compromised, but
intubation is not yet indicated.

Indications for NIV

Acute

o tWOB

e Poor oxygenation

e Apnoeas

o Cardiac failure

e Pulmonary oedema

o Atelectasis

e Acute neuromuscular failure—critical illness polyneuropathy/myopathy,
Guillan—Barré syndrome

e Chest trauma—Ilung contusion, flail chest

e Augmentation of cardiac output (Fontan, tetralogy of Fallot).

Long term

e Central hypoventilation syndrome

o Obstructive sleep apnoea

o Chronic lung disease

o Chest wall deformities—Jeune syndrome, scoliosis

o Neuromuscular disease—muscular dystrophy, spinal muscular atrophy,
myasthenia gravis, phrenic nerve palsy.

Rationale

e ffunctional residual capacity

e {work of breathing

e loxygen consumption

o Beneficial effect on cardiac afterload and cardiac output
e talveolar ventilation and CO; clearance.

Types
Positive pressure approaches

o CPAP o BIPAP

Negative pressure approaches
o Continuous negative extrathoracic pressure (CNEP)
o Negative extrathoracic pressure ventilation (NEPV).
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Methods

e Mask—nasal or full-face (CPAP, BiPAP)

e ‘Short tube'/nasopharyngeal prong (CPAP)
o Nasal pillows or prongs (CPAP)

o Negative pressure cuirass (NEPV).

Settings
CPAP

o Flow: 0.2-0.3L/kg/min (may be determined by ventilator)
e Pressure: +5-12 cmH,0.

BiPAP

e Inspiratory pressure: +10-20 cmH,0O
e Expiratory pressure: +5-12 cmH,O
e Respiratory rate: 15-25.

CNEP
e Inspiratory pressure: —20-30 cmH,O.

NEPY

e Inspiratory pressure: =20-30 cmH,O
o Expiratory pressure: +5 cmH,O

e Respiratory rate: 30-50.

Reasons for failure

e Patient acceptance/cooperation e Equipment inadequacies
o Problems triggering ventilation ® Pressure areas

o Excessive leaks o Excessive secretions.

Complications

o Failure of technique

e Drying of mucosa and secretions
e Pressure sores

o Gastric distension—insert NG tube

e Pneumothorax

o Reflux and aspiration

o Upper airway obstruction (CNEP, NEPV)

e Maxillary deformity (long term).
Monitoring

o Clinical

e Oxygen saturations

e ABG/CBG

o Ventilatory pressures

e Spirometry

o Plethysmography.

Predictors

Success

e Drop in respiratory rate and PCO; in first 2h
e FiO, <0.8 after 1h.

Failure
o Diagnosis of ARDS
e Uncooperative patient.
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Surfactant

Pulmonary surfactant is a surface active lipoprotein complex formed
by type Il alveolar cells. Its function is to increase lung compliance and
prevent alveolar collapse at end expiration.

In preterm babies (esp. <30 weeks’ gestation) lack of surfactant causes
IRDS. In the ARDS there is ¥surfactant production, abnormal surfactant
composition, and inhibition of its function.

Types of surfactant

Natural surfactant is derived from bovine or porcine lungs. Synthetic sur-
factant is available in some countries. The licensed indication is the treat-
ment of IRDS in premature infants. There is no evidence that any one
preparation is superior. Surfactant is expensive, particularly at doses that
would be required in larger children or adults.

Therapeutic uses of surfactant

e IRDS:
* Surfactant has revolutionized treatment of IRDS
* Early prophylactic surfactant administration appears beneficial in

babies at high risk of IRDS

e Meconium aspiration—trials have shown benefit with surfactant
administration

o Congenital diaphragmatic hernia—no benefit of surfactant in term
infants with diaphragmatic hernia

e ARDS:
¢ Short-term improvement in oxygenation
* No benefit in terms of survival in ARDS.

Complications of surfactant administration

o Need for intubation for administration

e ETT blockage

o Airleak (pneumothorax), hyperoxia, or respiratory alkalosis as lung
compliance rapidly increases if pressure control mode of ventilation
used.

Genetic disorders of surfactant

e Surfactant protein B deficiency causes severe respiratory failure
shortly after birth that is only transiently improved with surfactant
administration. The condition is usually lethal

o Disorders of surfactant protein C may present from shortly after
birth to adulthood. The condition may cause interstitial pneumonitis
in infancy with progressive respiratory failure. Some studies have
reported improvement with steroids or immunosuppressants. If severe
respiratory failure develops lung transplantation will be required.
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Inhaled medications

Methods of administration

Aerosol
Airborne drug in the form of liquid droplets or solid particles, e.g. (32
agonists, steroids, anticholinergics.

Nebulization

Principle of converting a liquid into an aerosol, which can then be inhaled
into the lower respiratory tract, e.g. 32 agonists, steroids, anticholinergics,
mucolytics, antibiotics, antivirals, surfactant, epoprostenol:

Particle size: 1-6um

Minimum driving gas flow rate: 8L/min

Use oxygen in asthma, otherwise air

Minimum volume: 3—4mL

Deliver over 10min

Types: jet, ultrasonic, vibrating mesh, small particle aerosol generator
(SPAG).

Vapour

Gas phase in equilibrium with identical matter in a liquid state below its
boiling point, e.g. halogenated anaesthetics.

Gas

Matter in a compressible fluid phase, e.g. nitric oxide, heliox, nitrous oxide.

Drugs

Bronchodilators

e Steroids: beclomethasone, budesonide, fluticasone

e (32 agonists: salbutamol, terbutaline

o Anticholinergics: ipratropium

o Halogenated vapours: halothane, isoflurane, sevoflurane.

Mucolytics

e Dornase alfa

o Acetylcysteine

o Hypertonic saline (3% or 7.5%).

Antibiotics/antivirals
e Tobramycin

e Pentamidine

e Colistin

e Ribavirin.

Miscellaneous
e NO

e Epoprostenol
e Surfactant

e Heliox

e Nitrous oxide.
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e Bronchospasm: 32 agonists, steroids, ipratropium, halogenated vapours
o Atelectasis: 3% saline, dornase alfa, acetylcysteine

Pulmonary hypertension: NO, iloprost

RSV and adenovirus infection: ribavirin

Respiratory distress syndrome: NO

Upper airway obstruction: epinephrine, budesonide, heliox

e Analgesia: nitrous oxide

o Anaesthesia: halogenated vapours

o Cystic fibrosis: tobramycin, pentamidine, colistin
o Fungal pneumonia: amphotericin B.

Inhaled drug doses/concentrations

o Acetylcysteine:

e Adrenaline:

e Amphotericin B:
e Beclometasone:
e Budesonide:
e Colistin:

e Dornase alfa:
e Fluticasone:

Halothane:
Heliox:
Hypertonic saline:
lloprost:
Ipratropium:

Isoflurane:
e Nitric oxide:

e Nitrous oxide:
e Pentamidine:”

o Ribavirin:™

e Salbutamol:
e Sevoflurane:
e Terbutaline:

e Tobramycin:

0.1mL/kg of 10% solution 6—12-hourly (max. 5mL)
0.4ml/kg of 1/1000 solution (max. SmL)

5-10mg 12-hourly

50-400mcg 12-hourly

2mg (nebulizer) 6-hourly

500,000-2 million U 12-hourly nebulized

2.5mg 12-hourly nebulized

1-2mg 12-hourly (nebulized); 50-200mcg
(inhaled)

0.75-2% (maximum 5%)

79% helium 21% oxygen mixture

4-10mL nebulized PRN

0.5mcg/kg 3—4-hourly

0.25-1mL of respiratory solution (250mcg/mL)
diluted to 4mL every 4-8h (nebulizer). 2—4 puffs
(20mcg/puff) 6-8-hourly (aerosol)

1.5-3% (maximum 5%)

1-40ppm as premixed gas. Monitor concentration
and NO, levels

50% in oxygen as Entonox

6mL (600mg) daily (treatment); 3mL (300mg) daily
(prophylaxis) nebulized

20mg/mL solution 18h/day for 3-5 days (SPAG)
2.5-5mg PRN

2-4% (maximum 8%)

2.5-10mg PRN (nebulized); 250-500mcg
4—6-hourly (inhaler)

40-80mg in 4mL 12-hourly (up to 300mg >6
years).

/\"Potentially toxic drug requiring precautions when administered
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Nitric oxide delivery

NO relaxes vascular smooth muscle by binding to the haem moiety of
cytosolic guanylate cyclase, activating guanylate cyclase and increasing
intracellular levels of cyclic guanosine 3',5’- monophophate (cGMP),
which then leads to vasodilatation

When inhaled, NO produces pulmonary vasodilatation. Its beneficial
effects include lowering of pulmonary artery pressure (by lowering
PVR) and improving VQ mismatch by causing selective pulmonary
vasodilatation of capillary beds adjacent to ventilated iNo containing
alveoli and away from areas of very low VQ and shunt

NO readily reacts with oxygen to form nitrogen dioxide (NO,) which
is toxic. NO combines with haemoglobin to form methaemaglobin,

the concentration of which is measured by standard blood gas
analysers with co-oximetry. Inhaled concentrations of NO above
20ppm are unlikely to have additional clinical benefit, but will increase
the concentration of these potentially harmful substances. Abrupt
withdrawal of NO may cause an acute rise in pulmonary artery
pressures and worsen oxygenation, even in patients where there was
no apparent benefit on starting the drug. For this reason it should be
weaned gradually

In North America and Europe, NO is available as a licensed product
(INOmax) for the management of persistent pulmonary hypertension
in term and near term neonates. Efficacy has not been demonstrated in
other patient groups (e.g. adults with ARDS, congenital diaphragmatic
hernia). Although NO may improve hypoxia in other patient groups,
this may not result in improved outcome (e.g. survival, duration of
ventilation)

Any NO delivery system should allow maintenance of constant
concentrations of NO in the inspired gas throughout the respiratory
cycle. Precise monitoring of inspired NO and NO; should be provided.
Sample gas for analysis should be drawn before the Y-piece, proximal
to the patient

The INOvent system is an example of a commercially available NO
delivery system that allows for precise control of inhaled concentration
and monitoring. The system includes a metered valve that measures
the duration of administration of NO for the purpose of charging for its
use. It is important to shut off these valves upon discontinuing the drug
to avoid excessive costs. Portable systems are also available for use
during patient transport.
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Hyperbaric oxygen therapy

Hyperbaric oxygen therapy (HBOT) involves delivery of 100% oxygen inside
a treatment chamber at a pressure greater than sea level. This increases
dissolved oxygen content of blood (and hence PaO,). At 3 atmospheres
pressure the resting oxygen requirements of tissues can be supplied
without the oxygen carrying capacity of haemoglobin.

A multiplace chamber can accommodate a patient with attendants and
would be required for any critical care situation. Within the UK there are
about 9 facilities capable of receiving patients who may require advanced
life support either immediately or during HBOT. These are not evenly
distributed on a geographical basis.

Indications for HBOT
e Emergency treatment:
* Decompression illness
e Air and gas embolism
» CO poisoning
o Urgent treatment required within 24h:
* Necrotizing fasciitis
» Gas gangrene.

Risks of HBOT

o Risks of transporting patient to distant facility

e Facilities for managing critically ill patient may be suboptimal

e Oxygen toxicity (exposure should be limited to <2h, including
attendants)

Hyperoxic seizures

Reversible myopia

e Fire (commonest cause of fatalities).

Carbon monoxide poisoning

o Cognitive sequelae lasting 1 month or more occur in 25-50% of
patients with loss of consciousness or with carboxyhaemoglobin
(COHD) levels >25%. The recommended treatment for acute CO
poisoning is 100% normobaric oxygen. This reduces the
half-life of COHb from 300min breathing air to 80min. HBOT is often
recommended for patients with acute CO poisoning, especially if they
have lost consciousness or have severe poisoning

e Advantages of HBOT include accelerated elimination of CO,
although COHb levels are likely to be low by the time the patient
reaches a HBOT facility. Potential benefits include prevention of
lipid peroxidation in the brain and preservation of ATP levels in
tissue exposed to CO. Some adult studies show benefit in long-
term cognitive outcome after 3 HBOT treatments within 24h of
symptomatic CO poisoning. However no clinical variables, including
COHb levels, identify a subgroup of CO-poisoned patients for whom
HBOT is most likely to provide benefit or cause harm and no child was
enrolled in any of the clinical trials.
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Chest physiotherapy

Principles

Chest physiotherapy involves a number of techniques to clear the airway of
sputum, treat atelectasis, improve ventilation-perfusion matching, encourage
coughing and improve breathing. It usually involves optimizing patient
position, before manual percussion and vibration of the chest wall. In the
presence of an ETT, it may be combined with manual expansion of the
chest through PPV and suctioning of sputum via a catheter. In extubated
patients PPV or CPAP may be applied through a face mask or mouthpiece
attached to a suitable ventilator.

Indications

e fsputum production: infection, inhalational injury, intubation

e Isputum clearance: reduced consciousness, poor cough due to
sedation, muscle weakness, inadequate humidification

o Atelectasis

o Ventilator-associated pneumonia

e Underlying disease, e.g. cystic fibrosis

Techniques

e Postural drainage

e Breathing exercises

e PPV

o CPAP

e Manual hyperinflations: 3—4 slow PP breaths approximately
1.5x patient’s tidal volume, followed by an inspiratory hold and quick
release of the bag

o Percussions: manual clapping of the chest wall over the affected area
with a cupped hand

e Vibrations: manual vibration, shaking and compression of the chest wall
during expiration

e Saline lavage.

Contraindications/cautions
e Unstable neck injury

o Spinal injury

e Raised ICP

o Coagulopathy or thrombocytopenia
o Cardiovascular instability

e Low cardiac output state

e Acute asthma

e Pneumothorax

e Rib fractures

e Uncooperative patient.

Side effects/complications

May worsen hypoxaemia or precipitate hypo/hypertension, bradycardia,
bronchspasm, pneumothorax, reflux, raised ICP or lead to accidental
extubation.



168 CcHAPTER 8 Airway management and ventilation

Suctioning
For catheter sizes and ETTs see L) Appendix, p.868.
Ideally, OD of catheter should be 30-50% <ID of ETT:

Catheter size (Fg) = ID ETT (mm) x 1.5 (50% less)
Or catheter size (Fg) = ID ETT (mm) x 2 (30% less).

Procedure (see Box 8.15)

Prepare (equipment)

If appropriate, explain procedure to patient

Administer sedation/analgesia as required

Wash hands with antiseptic solution

Preoxygenate patient: FiO; 1.0 for 1min

Turn on wall suction unit to appropriate pressure depending on the
age of the patient: infants: 60-90mmHg; older children: 90-110mmHg
Attach suction catheter to tubing whilst still covered with sterile wrapping
Apply sterile glove to dominant hand and withdraw suction catheter
from wrapping, avoiding contamination

With non-dominant hand disconnect ventilator tubing and instil saline
solution 0.5-2mL (if required)

Attach manual ventilation bag (MVB) and manually ventilate patient
Disconnect MVB and insert suction catheter to predetermined depth
with gloved hand, avoiding suctioning

Apply intermittent suction whilst slowly rotating and withdrawing the
suction catheter over no more than 5-10s

Either reattach the ventilator tubing or the MVB and recommence
ventilation

Repeat the process as necessary

Reduce FiO, as tolerated

Flush suction tubing with saline and discard used equipment

Wash hands

Clinically reassess patient.

Complications
As for chest physiotherapy (E p.167).

Box 8.15 Controversies

Open vs. closed systems: closed systems expensive, but may
preserve lung volume

Graduated vs. non-graduated catheters: graduated catheters more
expensive, but easier to control depth of suctioning

Deep vs. shallow: deep more traumatic and can cause lobar collapse;
shallow won'’t aspirate secretions from the bronchus

Use of the same catheter for 24h: cost-effective and no difference in
incidence of pneumonia

Saline: often used if thick secretions are difficult to mobilize
Blunting pressor response: indicated in patients at risk of raised

ICP or at risk of pulmonary hypertensive crises. Use IV alfentanil
(15-30mcg/kg), fentanyl (5-10mcg/kg), remifentanil (1-4mcg/kg),
esmolol (2mg/kg) and lignocaine (1.5-2mg/kg), or intratracheal
lignocaine (2-5mg/kg).
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Fibreoptic bronchoscopy

Advances in technology mean that fibreoptic bronchoscopy (FOB) with a
flexible fibrescope (FFS) can now be undertaken in most patients on the
PICU, irrespective of size or pathology. It is indicated for mainly diagnostic
reasons, but it may also be important for therapy. Generally, the yield has
been shown to be good, with positive findings in >80% patients. In some
patients the FFS may also be used for intubation purposes and should be
part of the difficult airway equipment.

Indications

Diagnosis

Bronchoalveolar lavage (BAL)
Persistent parenchymal abnormality
Persistent wheeze

Dynamic airway pathology

Upper airway obstruction

Foreign body

Vascular ring

e Pulmonary haemorrhage/haemoptysis
o Tracheal trauma.

Treatment

e Segmental collapse

e Mucus plug

e BAL

o Drug administration, e.g. DNase.
Other

e Intubation

e ETT position and obstruction
e Failed extubation

e Endobronchial biopsy

o Lung biopsy

Contraindications/cautions

o Diagnosis of acute epiglottitis

e Massive haemoptysis

o Coagulopathy

e Removal of foreign body

o Lack of training in FOB

o Need to secure airway immediately
e Hypoxaemia

Equipment

FFS sizes

The ideal size of FFS to use depends on whether it is being used for intuba-
tion or bronchoscopy. Intubation requires an ETT size that is only slightly
larger than the diameter of the FFS, so that it is a snug fit. It will also be an
appropriate length for the size of patient. Bronchoscopy may require the
FFS to be passed through the ETT, whilst ventilation is maintained. In this
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circumstance the diameter of the FFS needs to be sufficiently smaller than
the ETT to allow adequate ventilation. Table 8.5 indicates the size of FFS
which can be used, both through an ETT and through an LMA. The former
is based on it occupying approximately 70% of the internal diameter of
the ETT.

Table 8.5 Flexible fibroscope sizes

Age ETT size Bronchoscope size  Bronchoscope size
(ID mm) (OD mm): ETT (OD mm): LMA
Prem 2.5-3.0 22 A
Term 3.0-35 22 3.0
6 months 3.5-4.0 24 3.0
1 year 4.0-4.5 3.0 34
2 years 4.5-5.0 3.0 34
3 years 5.0-5.5 3.6 4.0
5 years 5.5-6.0 4.0 5.0
10 years 65-7.0 cuffed 4.4 6.0
14 years 7.0-75 cuffed 5.0 6.0

The size of FFS available depends on the manufacturer and the scope
designation (intubation vs. broncoscopy); although the length will normally
be the same. The smallest FFS with a suction channel is 2.7mm. Note that
the widest portion of some FFS is the body and not the tip.

Methods

There are 2 main methods of undertaking FOB in PICU patients. If the
patient is intubated it may be possible to pass the scope through the ETT.
The main risk is that the scope may be too large to allow adequate ven-
tilation, risking hypoxia, hypercapnia, and tPEEP. Alternatively, FOB can
be undertaken through an LMA, which will allow a bigger scope to be
passed relative to the size of the patient and improved ventilation. It also
allows the laryngeal inlet, vocal cords, and subglottic area to be visualized.
However, an LMA does not provide a secure airway and spontaneous
ventilation may be ineffective in PICU patients with significant respiratory
compromise.

ETT

e Spontaneous breathing rarely possible

o Best if patient has significant respiratory compromise and already
intubated

e Can be undertaken with sedation and topical anaesthesia alone

o Select FFS with smaller diameter than the ID of the ETT
(ideally <70% diameter ETT to allow ventilation)

e Ventilate patient in 100% oxygen
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e Lubricate FFS and introduce through an angle connector with a hole in
the top, e.g. Portex®

o Inject 2% lignocaine in 0.5—-1-mL aliquots PRN (maximum 5mg/kg)
unless patient paralysed

e Remove FFS if hypoxaemia (SpO, <90%) or difficulty ventilating patient

o Undertake procedure as quickly as possible and return patient to
ventilator.

LMA

o Difficult in the presence of significant lung disease or oxygen
requirement

o Make sure LMA doesn’t have aperture bars or these are removed prior
to insertion

o Anaesthesia necessary for insertion and tolerance of LMA: sevoflurane
or halothane in 100% oxygen + 0.5-1mg/kg propofol boluses

e Try and maintain spontaneous respirations

Apply topical lignocaine (2-4%) to cords and airway under direct vision,

then insert LMA

Connect angle connector to LMA and insert FFS

Larynx should be visible at the end of the LMA (epiglottis may be

folded over)

o Advance FFS and undertake procedure

o Apply further topical lignocaine PRN

o Remove LMA and replace with ETT if required.

Complications

e Hypoxia

o Laryngospasm/bronchospasm

e Trauma

o Pressor response (tachycardia and hypertension)
e Haemorrhage

e tPEEP during procedure

o Air leak (lung biopsy).
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Bronchoalveolar lavage

BAL is a diagnostic or therapeutic procedure to wash out epithelial lining
fluid from the lungs, by instilling saline deep into the lower airways and
aspirating the sample back. It can be done under direct vision (broncho-
scopic) or undertaken blind (non-bronchoscopic see Appendix p.870).
Bronchoscopic BAL has advantages in terms of accuracy, for both thera-
peutic and diagnostic procedures.

Most BAL samples will be obtained without bronchoscopic assistance.
Up to 60% of patients undergoing BAL will have their antimicrobial treat-
ment changed. The alternative method of sampling endotracheal secre-
tions (ETS) can be unreliable at diagnosing true infection as opposed to
colonization of the respiratory tract. Unless they are present in significant
amounts and obtained early in the respiratory illness, there is a high inci-
dence of false positive results with ETS, which may lead to unnecessary
antibiotic treatment.

Principles

e A bronchoscope or suction catheter is wedged into a bronchus of
similar diameter

e 0.9% saline is instilled into the airway below

e Fluid is immediately withdrawn into sterile containers for processing

o The procedure is repeated as necessary up to a total of 1mL/kg saline.

Indications

Diagnostic

e Undiagnosed respiratory failure

o Suspected VAP

e Change in colour/character/quantity of ETS

Diffuse lung infiltrates or cavitary lesion on CXR

Radiological evidence of new or *lung infiltrates

Pulmonary pathology in an immunocompromised host

Diagnosis of non-infectious lung disease, e.g. alveolar proteinosis,
alveolar haemorrhage.

Therapeutic

e Mucus plugging and lobar collapse

e Removal of airway material, e.g. lipoid pneumonia
e Smoke inhalation injury

e Whole-lung lavage in alveolar proteinosis.

Samples

If these are not being processed immediately, they need to be kept at 4°C
to optimize cell viability. The appearance and cell content of the fluid will
aid diagnosis of non-infectious lung disease.

Microbiology
o MC&S
e Fungi
o Legionella
o AFBs.
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Virology

e Immunofluorescence
e Culture

o Chlamydia.

Histology
e Cytology
o Silver stain for fungi

e PCP

o Fat-laden macrophages.
Complications

o Coughing (unparalysed patients)
o Hypoxia

o Bradycardia

e Worsening of gas exchange

e Trauma

e Haemorrhage

e Fever

e Transient pulmonary infiltrates
e Bronchospasm

e Surfactant washout

e Airway contamination.

Further reading

Marini J), Slutsky AS (eds) (1998). Physiological Basis of Ventilatory Support. Informa Health Care.
ISBN 0824798619.

Matthay MA (ed) (2003). Acute Respiratory Distress Syndrome. Informa Health Care.
ISBN 0824740769.

Tobin MJ (2006). Principles and Practice of Mechanical Ventilation, 2" edn. McGraw-Hill
Professional. ISBN 0071447679
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Principles of anaesthesia

Acquisition of anaesthetic knowledge and skills are vital for any practising
paediatric intensivist. One hardly needs to exaggerate the importance of
airway maintenance and adequate ventilation in a critically ill child.

Whilst the principles and detail covered in both this chapter and L
Chapter 8 (‘Airway management and ventilation’) should provide enough
information for the trainee intensivist, there can be no substitute for the
experience gained from hands-on anaesthetic practice. We would recom-
mend that any trainee dealing with critically ill children spends a period of
time working in the operating theatre environment and receiving practical
tuition from experienced anaesthetists.

Whilst the trained paediatric intensivist may have the knowledge and skills
to manage a child’s airway and ventilation on the PICU or the emergency
room, we would recommend (unless they are also a trained anaesthetist)
that they leave the practice of paediatric anaesthesia to a safer pair of
hands, i.e. an anaesthetist.

Key concepts
o Anaesthesia (from Greek an- ‘without’ + aisthesis ‘sensation’) has
traditionally meant the condition of having the feeling of pain and other
sensations blocked
e Inhalational anaesthesia was first demonstrated in 1846 and by 1848 the
first death had been recorded attributed to anaesthesia
o General anaesthesia refers to a complete loss of consciousness during
which patients are not rousable, even by painful stimulation
o Regional anaesthesia is loss of pain sensation in certain regions of the
body due to nerve blockade by local anaesthetics:
« Spinal (subarachnoid) anaesthesia results from a small volume of
local anesthetics being injected into the spinal canal
¢ Epidural (extradural) anaesthesia results from an injection of a local
anesthetic into the extradural space.

Anaesthetic rules (UK)

o The safety of modern anaesthesia in the UK is founded on tight
control by regulating bodies and the strict adherence to guidelines
and protocols produced by the Royal College of Anaesthetists, the
Association of Anaesthetists of Great Britain and Ireland, and other
related anaesthesia societies

e Comprehensive perioperative care can only be provided by an
anaesthesia team led by consultant anaesthetists. All members of the
team must be trained to nationally agreed standards

o The safe administration of anaesthesia cannot be carried out
single-handedly. Anaesthetists must have dedicated qualified assistance
wherever anaesthesia is administered, whether in the operating
department, the PICU or any other area

o The anaesthetist must be present and care for the patient throughout
the conduct of an anaesthetic

o Minimal monitoring includes:

* Pulse oximeter
* Non-invasive BP



PRINCIPLES OF ANAESTHESIA 177

* ECG
e Airway gases: O,, CO,, and volatile agent
* Airway pressure measurement

e Monitoring devices must be attached before induction of anaesthesia
and their use continued until the patient has recovered from the effects
of anaesthesia

e The anaesthetist must ensure that all equipment has been checked
before use. Alarm limits for all equipment must be set appropriately
before use. Audible alarms must be working during anaesthesia.

Preoperative assessment

o All patients should undergo comprehensive preoperative assessment
by an anaesthetist before undergoing anaesthesia. Ideally, this should be
the doctor who is to give the anaesthetic

o PICU staff should ensure that the appropriate information and
investigations are available to allow a thorough preoperative
assessment.

Preoperative fasting

e The aim of preoperative fasting (Box 9.1) is to reduce the volume of
gastric contents and minimize the risk of passive regurgitation and
pulmonary aspiration during anaesthesia

o |n most cases on PICU IV maintenance fluid therapy should be started
in the fasting period.

Box 9.1 Fasting times

Formula milk has slower gastric emptying than breast milk:

e Clear fluids 2h before anaesthesia
e Breast milk 4h before anaesthesia
e Formula milk 6h before anaesthesia
e Food, cows’ milk 6h before anaesthesia

NG feeds (whatever type) should be stopped 4h before anaesthesia in
patients on PICU and the NG tube aspirated before induction.

Box 9.2 The safe anaesthetist

The safe anaesthetist not only knows how to avoid trouble but also
accepts the unexpected happens and knows what to do when it does.
Careful planning underpins the safe practice of anaesthesia in critically
ill children:

o Safe environment: never anaesthetize a child in an unfamiliar setting if
it can be avoided. Most critically ill children can be transferred safely
to a more familiar environment (resuscitation room in emergency
department, PICU, operating theatres)

o Check and arrange equipment: see LLJ p.132

o Call for help: make sure that you have skilled assistance that you are
familiar with (operating department personnel, anaesthetic nurses,
PICU nurses and colleagues)

(Continued)
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Box 9.2 The safe anaesthetist (Continued)

o Use familiar techniques: Keep it simple

e Preoxygenate the patient: Always preoxygenate the critically ill
patient for as long as possible. Sometimes this is not easy with a
critically ill child but high flow facemask oxygen (with a reservoir)is
better than air. Preoxygenation buys the anaesthetist time and can be
life saving.

Anaesthetic technique

Induction of anaesthesia

Induction may be IV or gaseous:

o |V induction is the standard way to induce anaesthesia in a patient who
has a reliable form of venous access. It is an essential part of a RSl and
is recommended for raised ICP

e Gaseous induction is often used in children for elective surgery who
have difficult venous access or are needle phobic. Gaseous induction
is mandatory (and IV induction contraindicated) in situations of airway
compromise when airway maintenance or intubation cannot be
guaranteed. For example epiglottitis, facial/jaw abnormalities.

Maintenance of anaesthesia
e The patient may be spontaneously breathing or paralysed and
ventilated as part of the anaesthetic technique
o Anaesthesia is maintained by continuous administration of volatile
agent via an anaesthetic machine or IV agent (usually via a syringe
driving pump)
o Administered oxygen is usually at a minimum of 30%
e Concurrent analgesics can be given as an adjunct to volatile agent as
they reduce the response to painful stimulus:
» Opioid analgesics, e.g. morphine, fentanyl
¢ Local anaesthetic can be given as regional anaesthesia
» Nitrous oxide is often given as a gaseous anaesthetic/analgesic
o [f the patient is paralysed and ventilated then neuromuscular blockers,
e.g. atracurium, vecuronium, rocuronium can be used.

Emergence of anaesthesia and recovery

e When it is time to awaken the patient the anaesthetic maintenance
(volatile or IV) is turned off and neuromuscular blockade reversed with
anticholinesterase and anticholinergic (e.g. neostigmine and atropine or
glcopyrronium)

o The responsibility of anaesthetists for the care of their patients
extends into the postoperative period and includes the management of
postoperative pain

e Emergence from anaesthesia is potentially hazardous and patients
require close observation until recovery is complete
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e Continuous individual observation of each patient is required on a
one-to-one basis until the patient is able to maintain his/her own airway,
has cardiovascular stability, and is able to communicate, if appropriate

o Supplementary oxygen is required in recovery to prevent hypoxaemia
secondary to respiratory depression from pain, residual anaesthetic
agents, and opioids

e Be aware that hypercapnia may occur from respiratory depression
whilst the patient’s SaO; is high because they are on supplemental
oxygen.

Box 9.3 Brief scenarios

Certain situations in critically children require careful tailoring of technique.

More detail are in the relevant chapters:

e Asthma: intervene before exhaustion sets in. Preoxygenate with
high-flow oxygen via face mask sitting up. Fluid bolus 10mL/kg 0.9%
saline (or equivalent). RSI with ketamine and suxamethonium. Lie
down after induction—apply cricoid. Avoid atracurium. Initially
stabilize with fentanyl and midazolam/ketamine infusion. Avoid
natural tendency to over zealous bag ventilation.

o Croup, epiglottitis, tracheitis: senior assistance. Ear, nose, and
throat surgeon present. Equipment for tracheostomy present. Gas
induction by experienced anaesthetist. Halothane if available is best.
Sevoflurane is best converted to isoflurane before laryngoscopy
attempted. Always wait another 60s after ‘ready’ to laryngoscopy.
Aim for ‘bubble of air’ with ‘strawberry larynx in epiglottitis’.
Tracheitis greets the intubator with lots of pus.

o Head injury, status epilepticus, meningitis/encephalitis: RSI

thiopentone and suxamethonium. Head injury will need c-spine

stabilization—manually or with collar. Trauma case may need

fluid loading before hand. Maintain mean arterial pressure to

preserve cerebral perfusion pressure. Monitor EtCO, and aim for

normocapnia. Give muscle relaxant and if CT scan required then
consider short-term propofol infusion until PICU: 1-4mg/kg/h. Keep
head up 20-30°.

Shock (hypovolaemic, septic): fluid load 10-30mL 0.9% saline or

equivalent. RSI with ketamine or reduced dose thiopentone.

In septic shock try to site central, arterial lines with urgency before

severe capillary leak tissue swelling becomes severe. Start inotropes/

pressors if indicated.

Aortic stenosis (outflow tract obstruction), right-to-left shunt

(e.g. Fallots): try to avoid dropping SVR. Use ketamine or careful

dose of thiopentone with fentanyl. Avoid propofol. If hypotension

occurs, give fluid 10mL/kg IV, start pressor (noradrenaline,

phenylephrine) and ventilate with 100% O,.
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Intravenous anaesthetic agents

Thiopentone

e Short-acting agent used for induction of anaesthesia

e Potent anticonvulsant by bolus or infusion (prolonged elimination)

e Induction dose: 2—4mg/kg in neonates and infants, 5-émg/kg in children

o Induction dose must be reduced in critically ill patients Hypotension
and respiratory depression are dose dependant and more pronounced
in hypovolaemic or cardiovascularly unstable patients

e Recovery from single bolus dose is due to redistribution. Reduced
clearance and prolonged elimination half-life of 19h in neonates
compared with 6-12h in older children

Used as an infusion to reduce cerebral metabolic requirements in cases of
severe head injury (see 1 p.505).

Ketamine

o A phencyclidine derivative—an antagonist at NMDA receptors

e Produces ‘dissociative anaesthesia’ characterized by catalepsy, catatonia,

and amnesia. The eyes may remain open following administration

Is a potent analgesic

Can be given IV, IM, or orally

Induction dose: 2-3mg/kg IV; 5-10mg/kg IM

Very suitable for shock (reduce dose to 1-2mg/kg), asthma, right-to-left

shunt cardiac patients (i.e. cyanotic): has an indirect sympathomimetic

effect, mediated by the release of endogenous catecholamines, which

usually prevent hypotension unless the host sympathetic response is

maximal, e.g. in severe shock

o Anaesthesia after a single IV dose lasts 5-10min. The analgesic effect
lasts longer

e Recovery from single bolus dose is due to redistribution. It
undergoes hepatic metabolism to norketamine. Elimination half-life
is approximately 3h. Neonates have a larger apparent Volume of
distribution and a lower clearance than older children

o Airway is better maintained compared to propofol and thiopentone.
There is some preservation of protective airway reflexes but is not
guaranteed to protect against aspiration

o Less respiratory depression compared with thiopentone and propofol.

e Has bronchodilator properties and is used in severe asthma

o tsalivation and airway secretions. Atropine 20mcg/kg or
glycopyrronium 10mcg/kg can be given concurrently

o Can cause nightmares or hallucinations on emergence from
anaesthesia, which can be reduced by administration of concurrent
benzodiazepines.

Propofol

e Short-acting agent used for induction and maintenance of anaesthesia

e Induction dose: 3-5mg/kg in infants, 4-5mg/kg in children

e Induction dose must be reduced in critically ill patients Hypotension
and respiratory depression are dose dependant and more pronounced
in hypovolaemic or cardiovascularly unstable patients
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o Recovery from single bolus dose is due to redistribution resulting in rapid,
clear-headed emergence after brief procedures. Elimination following
repeated doses or infusion is more rapid compared to thiopentone

It causes pain on injection

Currently contraindicated in UK for use as an infusion for sedation of
children <16 years of age in PICU due to the risk of ‘propofol infusion
syndrome’ comprising metabolic acidosis, rhabdomyolysis,
life-threatening cardiac failure, cardiac arrest.

Neuromuscular blocking agents
See [ p.196.

Inhalational anaesthetic agents

o Commonly used ‘volatile’ anaesthetic agents are; sevoflurane,
isoflurane, desflurane and halothane
e Sevoflurane is the commonest agent used for inhalational induction.
Halothane is still used especially for the potentially difficult airway
e Isoflurane and desflurane are unsuitable for inhalational induction due
to airway irritation
o All can cause dose-dependant cardiovascular depression
e All are bronchodilators by direct relaxation of bronchial smooth
muscle and can be used in the treatment of severe asthma
e Potency of anaesthetic agents are measured by minimum alveolar
concentration (MAC) values of volatile agents, i.e. the amount to keep
50% of patients still in surgical operations. MAC values vary with age
(Table 9.1):
¢ Infants and small children need higher concentrations of volatiles,
and neonates need less compared to adults.
* MAC values are for comparison between agents and are not
applicable to individual patients.

Table 9.1 MAC value and age (in healthy patients)

Sevoflurane  Isoflurane Desflurane Halothane
Neonate 33 1.6 9.1 0.9
Infant 32 19 9.4 12
Child 2.5 1.6 8.6 0.9
Adult 2.0 1.16 6.0 0.76

Sevoflurane

o Commonest agent for inhalational induction. Minimal airway irritation
means that a concentration of 8% can be readily used from the start
which speeds induction

181
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e Significant respiratory depression or apnoea at high concentrations. Its
low potency can result in apnoea occurring before intubating depth of
anaesthesia is reached

o Delirium and distress on emergence can occur in children.

Halothane

e Rarely used nowadays in UK but its potency and lack of airway
irritation are ideal for inhalational induction—particularly suitable for
difficult airway, e.g. epiglottitis, congenital abnormalities

e Takes a long time to wear off

o Halothane hepatitis is rare in children.

Isoflurane and desflurane
e The commonly used agents for maintenance of anaesthesia
o Airway irritant makes them unsuitable for inhalational induction.

Nitrous oxide (N,O)

e Do not confuse with nitric oxide (NO)

e Used as a carrier gas for volatile anaesthetic agents. Addition of N,O

will reduce the MAC of a volatile anaesthetic agent

Negligible cardiovascular or respiratory depressant effects

Also used for analgesia as a 50/50 mixture with oxygen—Entonox or

Equanox

e Absorbed into air-filled spaces causing *pressure in non-compliant
spaces, e.g. middle ear and expansion of compliant spaces, e.g.
pneumothorax, ETT cuff. Often avoided in laparoscopic surgery,
bowel surgery, middle ear surgery, some ophthalmic procedures, and
procedures with a risk of intraoperative pneumothorax

o Potential toxicity due to effects on methionine synthetase and vitamin
B12 during prolonged administration.

Local anaesthetic agents

e Local anaesthetics are used for local infiltration of wounds, peripheral
nerve blockade and regional anaesthesia

o Toxicity (Table 9.2)—cerebral signs usually appear before
cardiovascular collapse in awake patients, e.g. postoperative epidural
infusion.

Table 9.2 Maximal safe doses of local anaesthetic agents in children

Drug Bolus Bolus Epidural Epidural infusion
mglkg <6 months infusion <6 months
mglkg mglkg/h mglkg/h
Levobupivacaine 2.5 125 0.4 0.25
Bupivacaine 2.5 125 0.4 0.25

Lignocaine 3.0-70 15 N/A N/A
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Extradural anaesthesia and analgesia

e Also known as epidural

o Usually involves placement of catheter in extradural space through
which local anaesthetic + opioid can be injected as bolus or infused

e Provides profound sensory blockade and (less) motor blockade

e Commonly sites are thoracic, lumbar (can be used caudally through
sacral hiatus)

o Useful for intra- and postoperative analgesia following major thoracic,
abdominal, spinal, pelvic, and lower limb surgery

o Contraindications include coagulopathy sepsis, cardiovascular instability

o Potentially serious side effects include:

* Hypotension following sympathetic chain blockade—can be
reversed with vasoconstrictor, e.g. metaraminol, noradrenaline.
Rare <8 years old
Accidental spinal/extensive block—total spinal occurs over minutes
following bolus into epidural catheter: ascending sensory and motor
block; apnoea, bradycardia and cranial nerve block (fixed, dilated
pupils), and loss of consciousness. Manage with attention to ABCs,
intubation, ventilation, vasoconstrictors and IV fluid. Full recovery
is expected
Rarely extradural haematoma or abscess—requires prompt surgical
intervention.

Epidural infusion for postoperative analgesia

o Used to provide analgesia after thoracic, abdominal or major lower
body surgery

e 0.1% or 0.125% bupivacaine or levobupivacaine is widely used.
Maximum infusion rates are given in Table 9.2. 0.1% concentration
of bupivicaine is 1mg/mL. Therefore mg/kg/h rates are equivalent to
mL/kg/h rates

e Opioids are commonly added to solutions for epidural infusion,
e.g. fentanyl 1-2 mcg/mL of epidural infusion solution

e Hypotension related to sympathetic block is unusual in children
below about 8 years of age. If it does occur, in the absence of surgical
bleeding, treat with fluid bolus—10mL/kg 0.9% saline and consider
pressor agent. Contact the responsible anaesthetist

o Observations:

* Document in specific recording documentation forming part of a
management protocol overseen by the Acute Pain Team

* Include: HR, BP, respiratory rate, and oxygen saturation (continuous
pulse oximetry and ECG), pain assessment, sedation score, nausea
and vomiting score, condition of epidural catheter insertion site,
dermatomal level of block (check for temperature sensation with
ethyl chloride spray or ice cube)

Patient position should be changed 2-hourly for pressure area care

If top-up boluses are required for inadequate or low block then give

0.1-0.2mg/kg (0.1-0.2mL/kg of 0.1%) as a bolus and record vital signs

every 5min for 20min, then at 30min, then hourly

o Side effects of epidural infusions include; itching, nausea and vomiting
(associated with opioids), urinary retention (a urethral catheter should be
inserted as part of the surgical procedure), and respiratory depression.
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Malignant hyperthermia (MH)

e MH is an autosomal dominant condition of skeletal muscle, induced
by exposure to triggering agents e.g. suxamethonium and volatile
agents causing loss of normal calcium homeostasis within the muscle
excitation-contraction coupling process

Incidence is 1:10,000-1:15,000

Mortality is 2-3% compared with 70-80% when first described due to
tawareness and changing anaesthetic practice

Presentation is a spectrum from a life-threatening classic fulminant
episode with severe hyperthermia and metabolic derangement to
elevation of EtCO,, tachycardia or hyperthermia of unknown cause.
It may develop several days following anaesthesia with myoglobinuria
and/or renal failure due to rhabdomyolysis.

Pathophysiology/diagnosis

tmetabolism—tachycardia, hypercapnia, tachypnoea, metabolic
acidosis, pyrexia (rise in core temperature of >2°C/h)

Generalized muscle rigidity (masseter spasm after suxamethonium)
Dysrhythmias

Metabolic acidosis

Disseminated intravascular coagulation

Hypercalcaemia

Elevated creatine kinase

Myoglobinuria

Renal failure.

Management

A treatment protocol should be readily available in every anaesthetic
area

Get help from local anaesthesia department

Remove trigger agent (including anaesthetic machine). Convert to
propofol/remifentanil I/V anaesthesia for duration of surgery
Initially attend to ABCs

Hyperventilate (intubate) with 100% oxygen using high flows
Dantrolene 1mg/kg IV repeated every 10min (total of 10mg/kg)
Active cooling. Cooling blanket, ice in groins and axillae, peritoneal
lavage, cold (potassium free) IV fluids

Blood samples:

* ABGs

¢ Clotting screen

* Potassium/calcium

¢ Creatine kinase

Institute invasive monitoring

Urinary catheter—send urine for myoglobin measurement

Treat hyperkalaemia if necessary

Postoperative management in PICU.

Further reading
Doyle E (2007). Oxford Specialist Handbook of Paediatric Anaesthesia. Oxford University Press.
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Introduction

Effective analgesia and sedation for critically ill children involves caring for
both their physical and psychological comfort. Correctable environmental
and physical factors causing discomfort should be addressed prior to the
introduction of pharmacological agents. Examples include lying on lines
or catheters, infrequent turns, full bladder or bowels, noise or distressing
scenes elsewhere on the unit.

Distraction therapy with play, toys, or music and television may be appro-
priate, and cuddling by parents or care givers where possible should not
be underestimated as an anxiolytic.

P Always assume your patient is aware—even if paralysed and sedated

e Talk appropriately and calmly to the child

o Tell them who you are, what you are doing, warn them of painful
procedures, and tell them who is at the bedside

e Limit conversation around the child to what is appropriate for them to
hear—both about their condition and your social life!

Analgesia

Box 10.1 Recommendations for analgesia in critically ill
children

o All critically ill children should have adequate relief of their pain

o Address any correctable environmental and physical factors causing
discomfort

e Encourage a normal pattern of sleep—pay attention to lighting,
environmental noise, and day/night patterns

e Perform pain assessment regularly using a scale appropriate to the
age of the patient and document routinely

o Assess patients who cannot communicate for the presence of pain-
related behaviours and physiological indicators of pain

o Establish a therapeutic plan for analgesia for each patient and review
this regularly

e Continuous IV infusions of morphine or fentanyl are recommended

for relief of severe pain

Infusions take time to reach therapeutic levels and steady state—

typically 4-5 half-lives. Consider loading dose, either as a small bolus

A\ or more rapid infusion over an hour.

o [f in pain, or before painful procedures, boluses of analgesics are

more effective than increasing the infusion rate

Giving sets and lines have a dead space. If this is, e.g. 2mL, and you

give an infusion at 0.5mL/h, the patient won’t get any analgesia for

4h—consider an initial bolus when starting therapy A\

o Non-steroidal anti-inflammatory drugs (NSAIDs) or paracetamol
may be used as adjuncts to opioids

e |Local and regional anaesthetic techniques should be considered.

o A PCA device may be useful in older children.
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Analgesia assessment

Pain is a subjective experience, and provided there is no clear reason
to doubt them, a patient’s reporting of their own pain is the single most
reliable indicator of pain

In neonates and children <3 years of age, behavioural observational
scales are the primary tools available for the assessment of pain

From 3-8 years of age children are generally able to use self-reporting
techniques such as ‘faces scales’

Above 8 years of age, competent children can usually use validated
unidimensional tools, such as the visual analogue scale.

Analgesic agents (rabie 10.)
Opioids

Produce analgesia via a variety of central and peripheral opioid
receptors, particularly p- and K-receptors

Interaction at other receptors may be responsible for adverse effects
Withdrawal effects may occur on discontinuation (see £ p.195).

Morphine

Valuable opioid for severe pain

Relatively slow onset (5min) and long duration of action (around 2h
when administered as a single dose)

Peak analgesic effect 20min following IV administration

Not suitable as an adjunct to intubation unless adequate time is given
for it to take effect (at least 5Smin)

Reduces behavioural and hormonal responses to painful stimuli
Improves ventilator synchrony

Does not reliably reduce awareness or give amnesia: may however
be used as a combined analgesic/sedative in the short term where
excessive sedation is to be avoided, i.e. postop patients expected to
extubate rapidly

Side effects:

* Respiratory depression

» Nausea and vomiting

May stimulate histamine release resulting in vasodilatation and
hypotension:

* Particularly following bolus administration

» Some centres avoid morphine in asthmatics, although there is no

evidence that morphine worsens bronchospasm

Active metabolites, particularly morphine-6-glucuronide, which are
renally excreted. These can accumulate in renal impairment

May precipitate coma in hepatic impairment—avoid or use with care
Morphine may be given orally as Oramorph® oral solution:

* Child aged 1-5 years: max. dose 5mg (2.5mL)

¢ Child aged 612 years: max dose 5-10mg (2.5-5mL)

May be given SC or IM if no venous access, but absorption variable.
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Fentanyl

e Potent synthetic opioid with a rapid onset of action

e Suitable as an adjunct to intubation if rapid onset is desired

o Relatively short half-life of 30-60min owing to rapid redistribution to
peripheral compartments

e Reduces pain-related increases in PVR and ICP

o Less haemodynamic instability than other opioids

o Causes less histamine release than morphine, and therefore less risk of
hypotension—may be preferred in asthmatics

o Side effects:
 Vagal bradycardia (particularly if given in high doses >5mcg/kg or in

combination with vecuronium)

» Chest wall rigidity
» Tolerance may rapidly develop

e Accumulates with prolonged administration

e Hepatic metabolism, avoid or reduce dose in liver failure

e Renal excretion of metabolites, avoid or reduce dose in renal failure.

Remifentanil

e Synthetic opioid

o Short half-life of 3min in all age groups

o Prolonged use is associated with the rapid development of tolerance

e Respiratory and cardiovascular depressant effects

o High cost

e May have more potential for procedural analgesia in critical care given
its rapid onset and offset times rather than as an infusion.

NSAIDs

o Provide analgesia through the non-selective, competitive inhibition of
cyclo-oxygenase, a critical enzyme in the inflammatory cascade

e Reduce opioid requirements in post-surgical pain, and used as ‘opioid
sparing’ in critically ill children, despite lack of systematic studies

o Side effects:
* Gastric irritation (less common than in adults)
* Hypersensitivity—rashes, bronchospasm, anaphylaxis
* Reduced urine output/renal impairment

e Avoid in asthma and renal failure.

Paracetamol

e Used to treat mild to moderate pain
o Opioid-sparing effect when used in combination with opioid agents
e May be given orally, rectally, or IV
o Rectal administration is associated with variable absorption
o Side effects rare:
 Rashes and idiosyncratic reactions
* Hypotension reported rarely with IV use
* Liver damage with overdose
o |V preparation useful if oral and rectal routes not available
e Compound preparations containing paracetamol and opioids
(co-codamol) are available but offer little benefit over paracetamol
alone and cause more side effects. They should be avoided.
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Sucrose solutions

A number of studies have shown an analgesic effect of oral sucrose solu-
tions in infants experiencing minor procedural pain.

Complex pain management
o Complex pain may occur as part of neuropathic pain or functional pain
syndromes. Associations may include:
¢ Guillain—Barré syndrome
* Post-herpetic neuralgia
e Peripheral neuropathy
e Trauma
e Therapy may include:
» Antidepressants or antiepileptics
* Nerve blocks
 Transcutaneous electrical nerve stimulation
e Management is complex and should be led by a specialized pain team,
including physiotherapy and psychology support.

PCA

e Used if the patient can understand the concept, and is awake enough
to press the button
o Typically children aged 6-8 years and above
e Consists of infusion of morphine, with bolus function and optional
background infusion
e Typical regimen:
* Morphine 0.5mg/mL in 50mL
* Bolus (demand) dose 1mL (which gives 20mcg/kg/mL concentration)
* Lockout time 5min (when no additional boluses can be given)
* tlockout time of bolus to 20min if using background infusion
» Optional background infusion 0—1mL/h (0-20mcg/kg/h)
e PCA normally managed by anaesthetist or pain control team
o Observe patient for signs of overdosage or inadequate analgesia
e Ensure only the patient is pushing the demand button.

Topical anaesthesia

EMLA

e Used for topical anaesthesia of the skin

o Can usefully ¥pain of needle insertion, injection, or cannulation

e Contains lidocaine 2.5% and prilocaine 2.5%

e Must only be applied to intact skin, and not to open wounds

e 30-60min to take effect

e Contraindicated aged <1 year, in anaemia, or methaemoglobinaemia.

Amethocaine gel (Ametop®)

e Quicker acting than EMLA

e Causes vasodilatation, which aids venous cannulation

o Risk of rapid absorption and toxicity if used in wounds—avoid.

Local anaesthesia

o Local anaesthesia is often forgotten in PICU, but is useful to provide
local analgesia for painful procedures in patients who are not on
systemic analgesics. Conventional doses of opiates do not abolish the
acute pain of cannulation.
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e Contraindications:
o Allergy to LA drug
¢ Local infection
e Lidocaine is the LA used most frequently for local infiltration:
* Available in 0.5%, 1%; and 2% solutions
* Normally use, 1% ‘plain’ lidocaine (without epinephrine)
e Lidocaine acts rapidly and the effects last about 30—60min (for plain
lidocaine) to 90min (for lidocaine with epinephrine/adrenaline)
 Duration of action varies with the dosage and the local circulation.
e Max. dose for infiltration is 3mg/kg ~TmL/year of age of 1% plain lidocaine
e Toxic effects from overdosage or inadvertent intravascular injection
e Symptoms include lightheadedness, confusion, and drowsiness.
Hypertension, tachycardia, convulsions, and coma can occur.

Sedation

Box 10.2 Recommendations for sedation in critically ill
children

o Provide adequate analgesia to all critically ill children regardless of
the need for sedation

o Assess the level of sedation regularly and document using a sedation
assessment scale, such as the COMFORT scale'

e There is insufficient evidence to support the routine use of

neurophysiological techniques such as the bispectral index (BIS) in PICU

Identify the desired level of sedation for each patient and regularly reassess

Doses of sedative agents should be titrated to produce the desired

level of sedation

e Midazolam is the recommended agent for the majority of critically ill
children requiring IV sedation. ™ It should be given by continuous infusion

e & Clonidine given by continuous IV infusion may be used as an
alternative sedative agent to midazolam

e & Some centres use intermittent boluses of sedation rather than

continuous infusions—less risk of over sedation, less side effects, and

cheaper; but more risk of under sedation

Propofol should not be used to provide continuous sedation in children

Heavy sedation inhibits movement and coughing, encouraging

dependent oedema and secretion accumulation

Use enteral sedative agents where possible

Consider the potential for withdrawal syndrome (see L p.195).

Reference
1. Ambuel B (1992) ] Pediatr Psychol 17: 95-109.
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Sedative agents (table 10.1)

Benzodiazepines

e Act at gamma-aminobutyric acid (GABA) receptors, which form part of
the major inhibitory system of the central nervous system

e Midazolam, diazepam, and lorazepam are commonly used for sedation
in PICU.

Midazolam

o Produces reliable sedation and antegrade amnesia

e Following an IV bolus the time to peak sedation is 5-10min, and the
duration of action of 30-120min.

o The duration of action is significantly longer with a continuous infusion,
and may persist for 48h following discontinuation after prolonged
administration

e Accumulation of active metabolites may produce prolonged sedative
effects in patients with renal insufficiency

o Can be administered by nasal, rectal, IM, or IV routes

o Adverse effects:

» Development of tolerance, dependence and withdrawal following
discontinuation (withdrawal can occur after <24h infusion)

* Hypotension may occur, particularly following bolus administration
in the setting of hypovolaemia

» Reduced sedative efficacy when administered to younger children

 Care in renal or hepatic failure

o Diazepam has a rapid onset, and a long duration of action from active
metabolites. May be given orally. Inexpensive.

o Lorazepam has a slower onset and longer duration of action after a
single bolus, but less accumulation with an IV infusion.

Clonidine

® O;-adrenoreceptor agonist, analgesic properties are probably mediated
through the prevention of substance P release

e Produces sedation without respiratory depression

o Anxiolytic effect comparable to that produced by benzodiazepines

e May be given by intermittent IV slow bolus, IV infusion, or orally

o Adverse effects include bradycardia and hypotension

o Withdrawal after prolonged administration has been associated with
hypertension and seizures

e Abrupt discontinuation of clonidine should be avoided.

Propofol

e Short-acting sedative used in general anaesthesia and for ICU sedation
in adults

o Activates GABA receptors, and inhibits the NMDA receptor

o Crosses the blood-brain barrier rapidly and has a rapid onset of action

o Quickly metabolized to inactive metabolites, so short duration of
action—effects wear off in minutes, even after prolonged infusion

o No dose adjustment is necessary for hepatic or renal insufficiency

e Not associated with tolerance or withdrawal symptoms

191
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o Decreases cerebral O, consumption and ICP
e No analgesic properties
o Side effects:

* Hypotension and CVS depression

* Apnoea may occur

* Pain on injection.

@ Long-term (>24h) propofol infusion may be associated with ‘propofol
infusion syndrome’'—metabolic acidosis, lipidaemia, rhabdomyolisis and acute
circulatory collapse. Propofol should not be used to provide continuous
sedation in children.

Ketamine

e Ketamine is a dissociative anaesthetic drug and may be given IM or [V

o NMDA receptor antagonist

e Provides strong analgesia and sedation in subanaesthetic dosage

e Airway-protective reflexes are maintained, but airway obstruction is a
potential hazard. Ketamine should not be used by those who do not
have appropriate airway skills

o Respiratory depression is uncommon at normal dosage, unless the drug
is given too rapidly

o Ketamine is a bronchodilator and may be used in asthmatics

e |t stimulates the cardiovascular system and causes tachycardia and
hypertension, so is good in shock and cardiovascular instability

e May be given [V or IM

o Side effects:
e May cause severe hallucinations in adults and older children, but

these are seen (or recognized) less in young children

* Hallucinations are less likely if a small dose of midazolam is given as well
 Cerebral vasodilatation—may increase ICP
* Sympathetic stimulation may increase pulmonary arterial pressures.

Enteral sedative agents

The most commonly used enteral agents include the hypnotic agents
chloral hydrate or triclofos sodium, and the sedating antihistamines such
as promethazine or alimemazine (trimeprazine). Chloral hydrate and pro-
methazine, when used in combination, have been shown to be more effec-
tive than IV midazolam in providing maintenance sedation in critically ill
children. Chloral hydrate is rapidly absorbed from the GI tract and starts
to act within 15-60min.

Table 10.1 Recommended analgesic and sedative agents'

Drug Intravenous bolus Intravenous infusion

Morphine <60kg; 100-200mcg/kg/dose <60kg; 10-60mcg/kg/h
>60kg; 5-10mg/dose >60kg; 0.8-3mg/h

Fentanyl <60kg; 1-2mcg/kg/dose <60kg; 4-10mcg/kg/h
>60kg; 50-200mcg/dose >60kg; 25-100mcg/h

Remifentanil 0.5-1mcg/kg/dose 0.05—-1mcg/kg/min
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Table 10.1 Recommended analgesic and sedative agents' (Continued)

Drug Enteral dose Max. daily dose
Ibuprofen <60kg; 6-10mg/kg/dose, 6-hrly ~ <60kg; 30mg/kg/day
>60kg; 200-600mg/dose, 6-hrly >60kg; 2.4g/day
Paracetamol <60kg; 10-15mg/kg/dose, 4-hrly <3 months; 60mg/kg/day
>60kg; 650-1000mg/dose, 4-hrly 3 months—12 yrs; 90mg/kg/day
>12 years; 4g/day
Drug Intravenous bolus Intravenous infusion
Midazolam <60kg; 0.1-0.2mg/kg/dose <60kg; 2—10mcg/kg/min
>60kg; 5Smg/dose >60kg; 5-15mg/h
Clonidine <60kg; 3-5mcg/kg slow IV 0.1-2mcg/kg/h
>60kg; 50-300microgm/kg
NG; 1-5mcg/kg/dose 8-hrly
Ketamine IV: 1-2mg/kg slow IV <60kg; 4mcg/kg/min

IM: 2—4mg/kg

Enteral dose

Max dose

Chloral hydrate

NG; 20-50mg/kg/dose 4—6-hrly

Maximum 2g per dose
Max daily dose; 200mg/
kg/day

Promethazine

NG; 1-2mg/kg/dose 6-hrly

Maximum 50mg per dose

Alimemazine

NG; 2—-4mg/kg/dose 6-hrly

Maximum 90mg per dose

(Trimeprazine)

Reference

1. United Kingdom Paediatric Intensive Care Society Sedation, Analgesia and Neuromuscular
Blockade Working Group (2006). Intensive Care Med 32: 1125-36 with permission from
Springer Science + Business Media.

Intravenous and inhalational
anaesthetic agents

1] See Chapter 9.

Non-pharmacological approaches

e Play (KX p.822) and distraction techniques are useful to reduce anxiety
around practical procedures

o Physical restraints are used in many units to facilitate the tolerance
of invasive monitoring and therapy and to reduce the risk of patients
inadvertently interfering with treatment—such as self extubation
or pulling out indwelling cannulae—where this may lead to the
development of life-threatening complications
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e Restraint in this context includes physically holding down, and the use
of splints across joints to limit movement

e Restraint use may increase agitation and lead to significant injury

o Restraining therapy should not be used to allow reductions in nurse
staffing levels

o The need for restraining therapies should be explained to children and
their parents, and consent obtained.

Sedation for practical procedures

Intensive care staff are often asked to sedate a child for a test (such as a
CT scan) or procedure (such as endoscopy). In general you should avoid
such ad hoc arrangements. Sedation provided by an appropriately trained
and resourced sedation service is to be preferred.
o The person providing the sedation should:
* Have proper training and skills to ensure patient safety
* Not be performing the procedure
* Not have any other responsibilities during the procedure
» Continuously and closely monitor the child
o Risk assessment:
* Document pre-existing medical conditions, drug therapy, allergies
and the time of the last food and drink
Patients should be fasted before IV sedation
Risks include respiratory depression, $cardiac output, and aspiration
of gastric contents
* If there is any uncertainty, cancel the procedure or get expert help
e Equipment:
* Atrolley which can be tilted head-down
* Suction, resuscitation equipment and drugs, including reversal
agents must be immediately available
» Adequate and appropriately staffed area for post-sedation recovery
e Drugs:
* All sedative drugs will produce anaesthesia if you give too much
* Single-agent sedation is safer than using 2 or more sedatives
 Use the minimum amount that will give adequate sedation and
allow the procedure to be completed satisfactorily
¢ Midazolam is the most commonly used drug. Combinations of
midazolam and opioids may lead to apnoea and prolonged sedation
* May be given oral, IV, or intranasal (bitter taste)
* Propofol or ketamine should only be used by staff with specific training
e Monitoring
* Level of sedation
¢ Pulse oximetry
 Respiratory rate
* HR
o After the procedure you are responsible for the patient until they have
fully recovered from sedation.
* Give appropriate post-sedation advice
» Make sure someone appropriate is looking after them
* Review the patient and document this before they go home or back
to the ward.
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Withdrawal syndrome

e May occur following the discontinuation of any sedative or analgesic agent
o Thought to be related to the total drug dose received (and so is more
common following prolonged admission and continuous infusion)
Incidence has been estimated at up to 35% of PICU admissions

Rarely occurs with <2 weeks intermittent administration

Withdrawal is very distressing for the child, their family, and PICU staff

Features include:

» CNS manifestations such as agitation, seizures, arterial desaturation,
hallucinations, and psychosis;

* Autonomic features such as vomiting, tachycardia, hypertension,
and fever

* Features are similar regardless of the drug involved

e Features can occur within a few hours of stopping the drug responsible

e The time of onset will vary depending on the half-life of the drug and
any active metabolites

e There are no validated PICU scoring systems to assess withdrawal

o Commonly used practices to avoid withdrawal include:

» Regularly reviewing the need for sedatives and analgesics, and using
the minimum effective dose

* Planned substitution of one class of agent for another (‘drug holidays’)

» Routine tapering of sedative and analgesic agents

o There is however no evidence (as yet) that these practices reduce the
incidence of withdrawal.!

o Withdrawal syndromes should be actively considered after discharge
from PICU—In some units this is done by the pain service or the
outreach team

e Management involves:

* Prescribing appropriate sedatives to alleviate withdrawal symptoms
* Planned and phased withdrawal of sedative and analgesic agents

» Use of oral agents where possible (see Box 10.3)

 This may take as long or longer than the original admission

» Use of a written management plan that is regularly reviewed

Box 10.3 Withdrawal regimen—conversion of IV to oral?

o Suggested dose conversion:
¢ Midazolam 45mcg/kg/h = diazepam 1mg oral (6-hourly)
« Midazolam infusion reduced by 1/3 with 2" and 4" dose of oral
diazepam, discontinued with 6% dose of diazepam.
o |V clonidine:oral clonidine conversion:
e 1.4mcg/kg/h = 40mcg oral (6-hourly).

References

1. United Kingdom Paediatric Intensive Care Society Sedation, Analgesia and Neuromuscular
Blockade Working Group (2007). Paediatr Anaesth 17: 675-83.

2. Cunliffe M, Mcarthur L, Dooley F (2004). Managing sedation withdrawal in children who
undergo prolonged PICU admission after discharge to the ward. Pediatr Anesth 14: 293-8.
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Neuromuscular blocking agents (NMBA)

» NMBAs do not prevent pain or anxiety

Indications for the use of NMBAs in PICU include:

* Prevention of patient-ventilator dyssynchrony

» Management of specific medical conditions such as raised ICP or
pulmonary hypertension

¢ Induced hypothermia, in order to prevent shivering

* Specific surgical operations to protect the repair in the
postoperative period.

The most commonly used agents for prolonged neuromuscular
blockade on PICU are vecuronium, pancuronium, or atracurium
Immobility from prolonged NMB may result in muscle atrophy, joint
contractures, pressure sores, pulmonary atelectasis and pneumonia,
corneal drying, and permanent corneal damage

Continuous administration of NMBAs may lead to critical illness
polyneuropathy and myopathy (CIPNM) although this is exceedingly
rare in children.

Some NMBAs produce histamine release, leading to hypotension,
tachycardia, or bradycardia, particularly after bolus dosing

Tolerance following prolonged infusions of NMBAs may occur, and
there may be cross-resistance between different agents. Monitoring the
level of neuromuscular blockade is essential

Individual variation makes it difficult to predict the onset, degree, and
duration of NMB in a specific patient

Peripheral nerve stimulation is widely used in adults to monitor NMB,
but has limitations in small children particularly if oedematous
Monitoring uses train-of-four (TOF) nerve stimulation pattern

4 electrical impulses are delivered to the nerve

The degree of NMB can be determined from the number of muscle
contraction seen in response to 4 impulses (Table 10.2). 2 or fewer
contractions following TOF stimulation suggests adequate blockade in
most PICU situations

The ulnar nerve is the usual first site stimulated for TOF testing as it is
superficial and accessible:

* The distal electrode is placed over the ulnar nerve (just medial to
the ulnar artery by palpation or Doppler) at the proximal flexor
crease of the wrist. The 2" electrode is placed proximal to the
15t along the line of the nerve

* Stimulation of this nerve causes movement of the thumb and little
finger

The facial nerve is also easily accessible:

+ The 1%t electrode is placed slightly above the eyebrow, the 2"
electrode is placed over the facial nerve in front of the ear

« Stimulation of this nerve causes twitching of the eyebrow or eyelid

Even if no contractions are observed during TOF testing, the
diaphragm may not be completely paralysed.
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Table 10.2 Assessment of neuromuscular blockade by train of four
stimulation

Visible contractions seen % receptor blockade (approx.)
0 100

1 90

2 80

3 70

4 0

Commonly used NMBAs

e Dosing schedules of commonly used NMBAs are shown in Table 10.3

o Suxamethonium (1mg/kg) is the drug of choice for RSl and is discussed
in L) Chapter 9

e Choice of NMBA is based on individual preference and familiarity, the
reason for NMBA use, and patient characteristics.

Atracurium

e Broken down primarily by enzyme based Hoffman degradation and
non-specific ester hydrolysis via plasma cholinesterase

e Minimal renal excretion so safe in renal and liver failure

e Effects prolonged in hypothermia

e May cause cardiovascular effects due to histamine release.

Cis-atracurium

e Little histamine release. Fewer cardiovascular effects than atracurium

e Similar degradation and excretion to atracurium—safe in renal and
hepatic failure

e Higher cost than atracurium.

Rocuronium

o Rapid onset

e Few cardiovascular effects (in high doses it may cause some vagolysis)

o Higher cost than atracurium

e In emergencies, rocuronium can be given IM, but onset of action
takes ~4min.

Pancuronium

o Non-depolarizing NMBA

o Long duration of action

e May cause tachycardia and hypertension

e Reduce dose in neonates

o Caution in renal and hepatic failure

e Lower cost than atracurium.

Vecuronium

e Derivative of pancuronium

o Relative lack of unwanted effects.

e Increase bolus dose in neonates due to relative large Vd but infusion
dose should be reduced due to reduced liver and renal function

e Caution in renal and hepatic failure.
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Box 10.4 Recommendations for neuromuscular blockade

1

Ensure adequate analgesia and sedation before commencing NMBAs.
Review the need for NMBAs regularly; discontinue as soon as
possible

If safe to do so, discontinue NMBA infusions at least once every 24h
until spontaneous movement returns so that levels of analgesia and
sedation can be assessed

Atracurium or vecuronium given by continuous infusion are the
recommended agents for the majority of critically ill children
requiring NMB. Intermittent doses of pancuronium may be
considered

Where continuous infusions are employed, the degree of NMB
should be assessed at least every 24h

Administered doses of NMBAs should be titrated to provide the
optimum level of neuromuscular blockade.

Table 10.3 Dosing schedules for NMBAs'

Drug Bolus Infusion

Vecuronium IV bolus; IV infusion; 50-100mcg/kg/h
80-100mcg/kg/dose

Rocuronium IV bolus; IV infusion;
600mcg/kg/dose 300-600mcg/kg/h

Atracurium IV bolus; IV infusion;
300-600mcg/kg/dose 0.3-1.7mg/kg/h

Cisatracurium IV bolus; IV infusion;
150mcg/kg/dose 60-180mcg/kg/h

Reference

1.

United Kingdom Paediatric Intensive Care Society Sedation, Analgesia and Neuromuscular
Blockade Working Group (2007). Paediatr Anaesth 17: 881-8.
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Pharmacological support of the
cardiovascular system

o The cardiovascular system pumps and carries de-oxygenated blood to
the lungs for oxygenation, and oxygenated blood to the tissues

e Oxygen delivery is dependent on cardiac output, haemoglobin
concentration and oxygen saturation (C Chapter 7).

Cardiac dysfunction is relatively common in the critically ill child. After
restoring intravascular volume, attention must be paid to supporting the
heart.

Inotropes and other drugs are used to optimize cardiac output and flow,
and their correct use is based on an understanding of cardiovascular
physiology (EJ Chapter 7), the pharmacology of the drugs, and the patho-
physiology of the disease process.

Receptors and the cellular basis of inotrope use

The most commonly used vasoactive drugs are sympathomimetic agents
that stimulate adrenergic receptors. Receptor activation is different with
each drug and for a particular drug may be dose dependent. There are 4
broad categories of receptors (Box 11.1).

Box 11.1 Categories of receptors

Alpha receptors

e Peripheral oy and «; receptor stimulation produces vasoconstriction
leading to an increase in peripheral vascular resistance (primarily an
o effect)

e Stimulation of myocardial a4 receptors leads to tcardiac contractility,
especially at low heart rates

o Central a; receptor stimulation produces metabolic changes and is
not relevant to this discussion.

Beta receptors
® 31 receptor stimulation produces an inotropic effect on the heart:
* This occurs by an increase in cAMP, resulting in an influx of
calcium into the cell from the sarcoplasmic reticulum
¢ The neonatal myocardium has reduced responsiveness to 34
stimulation
® [3, receptor stimulation produces mild vasodilatation: this
vasodilatation is much less than that produced by drugs such as
milrinone which are discussed later.

Dopaminergic receptors
e Stimulation produces renal and splanchnic vasodilatation
o Also results in a natriuresis and a diuresis.

Vasopressin receptors
e Vasopressin is a relatively new addition to the vasoactive drugs list
o Stimulation of V4 receptors results in powerful vasoconstriction.
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Receptor downregulation

o A phenomenon where by the receptors become less sensitive
to catecholamine stimulation with time, thereby rendering the
catecholamine less effective

o Normally happens within 72h of starting a continuous infusion, as
well as in acute disease states when acidosis and hypoxia render
the receptors less responsive, and in chronic states such as
cardiomyopathies where the body’s adrenergic system is in overdrive
in order to maintain adequate cardiac output

e In these cases, the receptors become downregulated or suffer from
‘stimulation fatigue’.

The neonate also has limited responsiveness to inotropes due to:
o A relatively large non-contractile portion of the heart

e A Ipool of endogenous catecholamines

o A less mature sympathetic nervous system

o Less efficient use of intracellular calcium.

Vasoactive drugs

4 categories of vasoactive drugs will be considered (also see Table 11.1
and Box 11.2):

Inotropes
o Drugs that increase the contractility of the heart thereby increasing the
cardiac output and providing support to the failing myocardium.
e Examples are dopamine and epinephrine.

Inodilators
e Drugs that produce a combination of inotropy and vasodilatation.
* Examples are dobutamine and milrinone.

Vasodilators and vasocontrictors

e Drugs that act on the peripheral circulation and modulate systemic (or
pulmonary) vascular resistance
» Examples of vasodilators are nitroglycerine and nitroprusside
* Examples of vasoconstrictors are norepinephrine. and phenylephrine.

Chronotropes
o Drugs that work primarily by increasing the heart rate.
* An example would be isoprenaline.

In practice, most vasoactive drugs are a mixture of these types and also
have variable dose dependent effects. Additionally, some agents provide
more or less specific effects to the pulmonary or systemic circulations.

Box 11.2 Choice of agents

The choice of agents varies a lot from centre to centre and yet the end
result is not dissimilar. Some are ‘dopamine units’, whilst others pref-
erentially use dobutamine. Similarly there are ‘epinephrine units’ and
‘norepinephrine units’.

The statements in the rest of this section on dose-receptor effect are
largely based on in vitro studies and may not be a true representation of
the situation in vivo. In addition large inter-individual variability is likely.
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Inotropes
Note: dobutamine is discussed under inodilators, and norepinephrine
under vasoconstrictors

Dopamine

e Is a naturally occurring catecholamine. It is perhaps the most commonly
used catecholamine on PICU and has multiple dose-dependent
receptor effects:

» 3-5mcg/kg/min: stimulates dopamine receptors in the splanchnic
and renal vessels, increasing renal blood flow and causing an
increase in urine output
5-10mcg/kg/min: causes stimulation of B-receptors (34 receptors)
and an increase in myocardial contractility
10-20mcg/kg/min: B-receptor stimulation persists but a-receptor
activation starts to appear and increases with increasing dose. The
alpha effects will lead to constriction of blood vessels leading to
hepatic and mesenteric ischaemia, an increase in the work of the
heart, and an increase in oxygen consumption
o Side effects: tachycardia, tachydysrhythmias, and pulmonary

vasoconstriction
e Critical issues:

e Tissue necrosis following extravasation—administer via central line

¢ If no central line, in cases of emergency or profound hypotension,
dopamine may be given peripherally using normal infusion diluted
10x while preparation for central line is underway
Extravasation: may result in sloughing and tissue necrosis.
Treatment: stop infusion; infiltrate area of extravasation with
phentolamine (0.1-0.2 mg/kg up to 10mg diluted in 10mL normal
saline); use a fine needle; to be effective within 12h
Short half-life—administer by a continuous infusion
No convincing evidence that low dose ‘renal dopamine’ improves
renal function or outcome in ICU, but it is often used in doses up to
10mcg/kg/min, and is associated with an increase in cardiac output,
stroke volume, and BP.

Epinephrine (adrenaline)
o Powerful inotrope with both a and {3 effects:
 0.05-0.2mcg/kg/min B4 effects predominate
e >0.5mcg/kg/min a effects predominate
o Side effects:
 « effects can lead to an increase in myocardial work and oxygen
consumption
* Constriction of renal and splanchnic vesssels
e Tachyarrhythmias
* Hyperglycaemia
e Type B lactic acidosis.
o Critical issues:
* Asitis a powerful inotrope it should be considered relatively early
in patients with refractory hypotension. Should be infused through a
central line due to extravasation tissue necrosis
e Short half-life—administer by a continuous infusion
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* Well absorbed in the lung if given via the endotracheal route
» Thought to work during cardiac resuscitation by increasing left
ventricular perfusion as a result of its o effects

o Other situations in which it is used are anaphylactic shock, asystolic
arrest, nebulized as a mucosal vasoconstrictor in croup, and as a
bronchodilator in asthma (although more specific and safer 3, agonists
are available).
Some centres start epinephrine after first-line inotropes such as
dopamine and/or dobutamine If so, it is worth starting at a reasonable
dose (such as 0.1mcg/kg/min and escalating the dose quickly to
0.5-1mcg/kg/min) in order to be able to determine whether non-
catecholamines, such as vasopressin, should be added or consideration
given to other forms of cardiovascular support
Other centres advocate the first-line use of epinephrine, as there is
little evidence supporting the use of other drugs before it.
Titrate dose to response. Patients on epinephrine infusions need
continuous BP monitoring through an arterial line (Box 11.3).

Box 11.3 Titration of catecholamines

Catecholamines should be administered in doses to produce a BP that is
appropriate for the child’s age and that is associated with a urine output
of 1-2ml/kg/h.

Whilst a ‘good or luxurious BP’ looks impressive on the monitor if it
is achieved by administering higher than necessary doses of catecho-
lamines, there will be an associated cost to the heart due to an increase
in SVR (and hence afterload; EH p.106), i.e. an increase in the work of
the heart at a time when the heart is already under considerable stress.

Inodilators (see also Box 11.4)
Dobutamine
e A synthetic catecholamine that does not have any dopaminergic effect
but when commenced at a dose of 5mcg/kg and above has inotropic
(B1) effects as well as mild vasodilatory (3,) effects
It is used commonly in the management of septic shock in combination
with norepinephrine
At doses of 7-10mcg/kg/min, dobutamine has been shown to increase
cardiac output and BP
5-20mcg/kg/min—selective B effects with an increase in cardiac
contractility and an increase in heart rate. (3, effects produce mild
peripheral vasodilatation. No dopaminergic or « effects seen.
o Side effects:

 Tachyarrhythmia—can be significant particularly in older children

* Peripheral vasodilatation (can lead to hypotension if hypovolaemic).

Critical issues

e Does not cause vasoconstriction and so can be given peripherally—
useful in cases where central access not obtained/obtainable

o Due to afterload reduction is useful in a child with myocardial failure
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o In some neonatal and infant studies, dobutamine gives a more
reliable increase in cardiac output and BP than equivalent amounts of
dopamine.

Box 11.4 Phosphodiesterase inhibitors (PDEI)

PDEls have become essential pharmacological agents in the manage-
ment of adults and children who have congestive cardiac failure and low
cardiac output syndrome. There is evidence that a combined therapy
of catecholamine and PDEI is superior to single drug therapy in the
management of heart failure because of synergy between these 2 types
of drugs.

These drugs produce:

e Inotropy with an increase in the speed and force of cardiac
contraction

e Vasodilatation resulting in a decrease in systemic and pulmonary
vascular resistances and in filling pressures

o ‘Lusitropy’ which is the property of diastolic relaxation of cardiac
muscle, particularly useful in hypertrophic hearts.

The PDEls work by reducing the breakdown of cyclic AMP. tcyclic
AMP leads to calcium mobilization which in turn promotes myocardial
contraction.

Theoretical advantages over catecholamines

o PDEls act via a different mechanism and therefore do not interact
with adrenergic receptors. This potentially helps with the problem of
receptor downregulation

o |n addition, there is less of an increase in myocardial oxygen
consumption and there are less tachyarrhythmias associated with
PDEls

e However, as PDEls are powerful vasodilators these drugs should be
used with caution in patients with a marginal BP.

Milrinone
e Particularly useful in the management of low cardiac output following
cardiopulmonary bypass (see L p.373)
o Milrinone with its short half-life and few side effects is the PDEI of
choice in the management of heart failure in PICU.
e Dose:
* 0.25—-Tmcg/kg/min
* In order to get an effective plasma level quickly, the drug is often
initiated by a loading dose of 75mcg/kg over the 1 hour.
o Side effects:
* Arrhythmias have been reported but occur rarely in the neonatal
and paediatric population
* Hypotension occurs and is more severe in a hypovolaemic child
¢ Haematological abnormalities may occur infrequently, although
compared with amrinone thrombocytopenia is much less frequent.
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Note:

e For an equivalent increase in cardiac output, milrinone is more effective
than dobutamine in reducing systemic vascular resistance which is of
obvious benefit in a child with cardiomoypathy or myocarditis

o A large study in the paediatric population called ‘Prophyactic use of
Milrinone After Cardiac Operations in Paediatrics (PRIMACORP)’
concluded that milrinone administration significantly reduced the
incidence of low cardiac output state.

o Another study in children with non hyperdynamic septic shock showed
a significant increase in cardiac index, stroke volume right and left
ventricular stroke volume index and oxygen delivery

Enoximone
Is less potent than milrinone but has similar clinical effects.
e Dose:
* 5-20mcg/kg/min IV
* Has to be administered on its own, but can be administered through
1 lumen of a central line
 Can be given orally
o Side effects: as per milrinone.

Amrinone

e Was the 1 PEDI introduced

o Has similar clinical characteristics and side effects as milrinone and
enoximone

High incidence of associated thrombocytopenia

Rarely used in paediatric practice now.

Dose: loading dose of 1-3mg/kg IV over 1h followed by a continuous
infusion of 5-15mcg/kg/min.

Other agents

Levosemendan

e Binds to troponin C leading to an increase in sensitivity to available
calcium without increasing calcium levels

e Functions as an inodilator

e Associated with inotropic and chronotropic effects

o Pulmonary vasodilatation by paradoxically decreasing sensitivity to
calcium in the pulmonary circulation.

e Dose: loading dose of 6—24mcg/kg/min over 10min followed by an
infusion rate of 0.1-0.4 mcg/kg/min for a maximum of 24h.

o Side effects: vasodilatation and hypotension in hypovolaemia.

e Critical issues:

* Levosemendan has been shown to be beneficial in adults with acute
severe heart failure but its efficacy and side-effect profile in children
have not been fully established.

* Itis currently expensive—cost/risk/benefit needs further evaluation.
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Vasodilators

tSVR occurs in heart failure due to activation of the sympathetic nervous
system and the renin—angiotensin system. This increases the work of the
heart and myocardial oxygen demand. Reduction of SVR in this clinical
setting is therefore of benefit.

Nitroprusside

e |s a potent short-acting venous and arterial vasodilator

e |t acts by the liberation of NO which is responsible for the vasodilatory
effect

e Cyanide is a by-product and prolonged use can give rise to
methaemoglobinaemia and cyanide toxicity

o This is rarely a problem at doses below 4mcg/kg/min.

e Dose:
* Initial dose 0.5-5mcg/kg/min
* As a powerful vasodilator, dosage increments should be small.

o Side effects:

* Vasodilatation and hypotension.

 Cyanide toxicity—watch for lactic acidosis as a possible indication
of cyanide toxicity.

» Use with caution in patients with left-sided obstructive lesions,
e.g. aortic stenosis or obstructive cardiomyopathy—there is the
potential for coronary ischaemia due to a steal syndrome from
vasodilatation

¢ Should be protected from light.

Nitroglycerin (GTN)
e Less potent short-acting vasodilator which has a greater effect on the
venous circulation than the arterial
e Approximate equivalent dose for arterial vasodilatation 1Tmcg/kg/min
SNP = 5mcg/kg/min GTN
e |s also a coronary vasodilator
e Acts by the liberation of NO
o Tachyphylaxis occurs to its effects.
e Dose: 1-8mcg/kg/min.
o Side effects:
» Hypotension and tachycardia
» Hypoxia due to worsening of V/Q mismatch since GTN is not a
selective pulmonary vasodilator.

Other vasodilators

Hydralazine

o A directly acting arterial vasodilator used predominantly in the
management of systemic hypertension

o Dose: 0.1-0.2 mg/kg/dose every 6h (maximum of 3.5 mg/kg/day)

e Onset of action: 5-20min

o Side effects: hypotension, tachycardia

Nifedipine

e A calcium channel blocker that prevents the influx of Ca?* through the
cell membrane and therefore blocks contraction of smooth muscle

o The ensuing vasodilatation causes a fall in BP
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o Dose: 0.2-0.5 mg/kg/dose for hypertensive emergencies (maximum 1-2
mg/kg/day)

o Onset: 2-5min given sublingually, 20min when given orally (though
some dispute whether sublingual absorption occurs)

o Side effects:
* Hypotension, syncope, and dizziness
* Hyperglycaemia and hyperuricaemia.

A\ Avoid vasodilator use in raised ICP. The resulting vasodilatation of
cerebral vessels may lead to *cerebral blood volume with a resultant
worsening of raised ICP. Hypertension in that setting should be treated
by managing the ICP.

Vasoconstrictors

o Norepinephrine is a powerful vasoconstrictor and is often used in
combination with dobutamine in the management of septic shock

e Epinephrine and dopamine also cause vasoconstriction in higher doses.

Norepinephrine (noradrenaline)
e Particularly useful in ‘warm shock’ when the peripheral vascular
resistance has dropped significantly leading to a low perfusion pressure
e It has more potent « than {3 effects
e Dose: 0.1-Tmcg/kg/min.
o Side effects:
* Bradycardia
» Main problem is its potent alpha effects reducing tissue perfusion
e Critical issues:
 Useful in shock due to profound vasodilatation
» Often used along with epinephrine in cases of resistant shock
requiring high dose epinephrine
Phenylephrine
o Pure o agonist. Used occasionally in tetralogy of Fallot hypercyanotic
spell and situations where rapid increase in SVR is needed
o Dose: 2-10mcg/kg stat, then 1-5mcg/kg/min.
o Side effects: severe vasoconstriction and reduced urine output

Metaraminol

o A potent sympathomimetic amine used in the prevention and
treatment of hypotension, particularly as a complication of anaesthesia.

o Dose: 10mcg/kg stat, then 0.1-Tmcg/kg/min

o Side effects: severe vasoconstriction and reduced urine output.

Vasopressin

o Used in the management of infants and children with refractory
hypotension after surgery or with sepsis particularly when the diastolic
BP is low.

e Useful in treating hypotension associated with brainstem death

e One of the most powerful vasoconstrictors available and in contrast to
the catecholamines acts on different receptors, the V1 receptors

o Acts on the phospholipase C system which leads to an increase in
intracellular Ca%* and pulmonary and systemic vasoconstriction
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o The antidiuretic and water retention properties that are traditionally
associated with arginine vasopressin are a result of stimulation of the
V2 receptors present in the kidneys.

e Dose: 0.003-0.0015U/kg/min or 0.02-0.09U/kg/h

o Side effects: severe vasoconstriction

o Critical issues: theoretical concerns regarding splanchnic and peripheral
ischaemia due to vasoconstriction.

Chronotropes

Isoprenaline

o Used in very selected situations for its chronotropic effect

e May buy time until a pacemaker is inserted in complete heart block

o Dose: 0.05-1.5mcg/kg/min

o Side effects: will increase myocardial oxygen consumption and may
cause tachyarrhythmias

e Critical issues: can be administered peripherally.

Other agents
A\ There is little trial data to support the use of the following agents.
e Dopexamine:
* Has effects on the B, and dopaminergic receptors, and reduces
re-uptake of norepinephrine
» Main effects are chronotropy and vasodilatation, especially of the
splanchnic and renal beds
« Limited date for its use in children
* Dose: 0.5-6mcg/kg/min
e Digoxin:
* Positive inotropic effect from improving calcium availability, but
offset by augmented vagal tone and ¥sympathetic effects
* HR limitation can reduce cardiac output
 Rarely used as an inotrope
* Used in some arrhythmias and to promote diastolic relaxation
* Dose: 15mcg/kg loading dose then 3—5mcg/kg 12-hourly
o Calcium:
* Dose: 0.4mL/kg/h of 10% calcium gluconate
e Steroids:
 Functional or actual adrenal insufficiency can result in hypotension.
If inotropes aren’t working, consider giving ‘physiological dose’ of
1mg/kg 6-hourly of hydrocortisone (see ELl p.561)
* High-dose steroids should be avoided in septic shock
 Further paediatric studies are needed before corticosteroid use in
paediatric sepsis becomes standard practice.
o Triiodothyronine (T3):
* In acute septic shock circulating T3-concentrations are 4.
* In some studies this is a marker of poor outcome
* Supplementation may or may not be helpful
* Dose: 0.1-0.2mcg/kg/h liothyronine
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Table 11.1 Effects of inotropic drugs

Heart rate Contractility SVR Route  Dose

Dopamine ++ ++ + C 2-20
Dobutamine +++ ++ 4 Cc/p 2-20
Epinephrine +++ +++ ++1 C 0-:01-2-0
Norepinephrine { to + +t +++t  C 0-:01-2-0
Enoximone ++1 ++1 ! C/P 5-20

SVR, systemic vascular resistance; C, central; P = peripheral. Doses are in micrograms/kg/min.
Selected clinical scenarios (see Boxes 11.5 and 11.6)

Box 11.5

There is very little trial data to guide us in the selection and use of
vasoactive drugs. The rational for one approach rather than another
is largely drawn from adult or animal studies, from an interpretation
of physiological principles, and from local practice (or prejudice!).
Attention to detail and a willingness to review your approach in the light
of a changing situation are important in obtaining a good outcome.

¢ We use two broad approaches which may be more or less appropriate

depending on the severity of shock and clinical progress over time:

o Escalating approach—adding in agents and going up on doses if
inadequate response

o Early aggressive approach—use the big guns early (epinephrine) and
escalate or de-escalate as appropriate.

Early management of the infant with a low cardiac output state of
unknown aetiology
e Ensure adequate ventilation and oxygenation
e Optimize intravascular volume (aim for a CVP of 10-15mmHg)
e Start dobutamine or dopamine peripherally at 10mcg/kg/min while
obtaining central access:
* Ininfants dobutamine will give a greater increase in oxygen delivery
than dopamine, but make sure there is not excessive tachycardia
* Diastolic BP must be maintained so caution with inodilators/
vasodilators
o Dilute strength epinephrine can be given via a peripheral cannula in the
short term if the situation is serious, until central access is available.
« Alternatively insert |O needle and start epinephrine infusion
e Obtain central venous access—whatever you do best!
e Failure to respond to dobutamine or dopamine 10-15mcg/kg/min.
« Start epinephrine at a dose of at least 0.1mcg/kg/min escalating fairly
quickly to between 0.5-1.0mcg/kg/min if the systolic blood pressure
and urine output are still suboptimal
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If the response is still inadequate review your diagnosis, the child’s
fluid status, ventilation and oxygenation, and consider adding a
vasoconstrictor such as norepinephrine (or vasopressin)

* |f the diastolic <half systolic and signs of organ under-perfusion a

vasoconstrictor should be tried

Echocardiography is a good way of assessing volume status and
contractility:

* If contractility is good, consider vasoconstrictors

* If contractility poor, use epinephrine and consider calcium
e & Some authorities would advocate using steroids (1mg/kg 6-hourly of
hydrocortisone), or T3 but the evidence for both is poor

If the response is still inadequate, review your management so far and
consider ECMO.

Low cardiac output following cardiac surgery (L p.373)
Septic shock (1 Chapter 26).

Box 11.6 Choice of inotropes

e Many units use a combination of vasoactive drugs as first-line
management of septic shock. Dobutamine and norepinephrine or
milrinone and epinephrine are examples

The clinical picture can be divided into patients with warm

peripheries and low SVRi (‘warm shock’), and those with

vasoconstriction and high SVRi (‘cold shock’)

o Adult septic shock is commonly associated with low SVR and a
hyperdynamic, high cardiac output state, making vasopressor therapy
the main treatment

o |n children with sepsis, vasoconstriction and a low cardiac output
state predominate, making drugs such as milrinone and adrenaline
useful inotropes to increase cardiac output.



MECHANICAL SUPPORT OF THE CIRCULATION 211

Mechanical support of the circulation

Types of mechanical support

o Extracorporeal membrane oxygenation (ECMO)
e Ventricular assist devices (VADs)

e Intra-aortic balloon pump (IABP).

ECMO

ECMO uses modified cardiopulmonary bypass technology to provide

respiratory or cardiorespiratory support in ICU for prolonged periods,

sometimes up to several weeks.

e [tis indicated when the patient has a potentially reversible condition
and conventional management is failing.

There are 2 main types of ECMO:
e Veno-venous, VV, for respiratory support
e Veno-arterial, VA, for cardiorespiratory support.

A\ ECMO should only be performed in centres with appropriate facilities,
staff and experience.

The ECMO circuit must be managed by a trained ECMO specialist (usually
a specially trained nurse) or certified Perfusionist 24/7.

The ECMO circuit
e Different from cardiopulmonary bypass circuit (Ed p.223)

e Areas of blood stasis are eliminated to allow minimal heparinization of
the ECMO patient.

Constituents (see Fig. 11.1)
e Pump
* servo-regulated roller (bladder box or venous pressure) or
« centrifugal with inlet (venous line) pressure measurement
e Oxygenator
o Heat exchanger
* integral in oxygenator or in line after the oxygenator.
o Bridge to connect arterial return and venous drainage lines
* Allows circuit maintenance, usually kept clamped.
» Some circuits have a bridge that is only inserted when needed.
Pre and post oxygenator pressure monitors
Venous line saturation useful
* Provides continuous assessment of oxygen extraction
Ultrasonic flow meter for centrifugal pumps
e Emergency cart containing circuit spares and hand crank, back-up pump
if no hand crank.
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Drug
infusions

Oxygenator and
heat exhanger

0000

Servo-regulator

Oxygen supply Water heater
Fig. 11.1 Figure of ECMO circuit.

Cardiac ECMO

Indications

o Failure to wean from CPB

o Low cardiac output syndrome (myocarditis, pulmonary embolus, poor

function postoperatively, dilated cardiomyopathy only as a bridge to

transplant)

Cardiac arrest (ECPR, extracorporeal cardiopulmonary resuscitation)

Failure to oxygenate a patient with cyanotic heart disease (blocked BT

shunt, poor mixing in TGA, obstructed TAPVD), usually better on VV

Intervene before irreversible end-organ damage has occurred, judged

on an individual patient basis

e In postoperative patients ECMO will only be successful if the cardiac
repair has been successful.

Contraindications
o |nadequate repair: either technical failure (revise repair), or because
the substrate will not allow a successful repair
e Moribund patient: established organ failure esp. brain injury
e |nability to tolerate limited heparinization (relative contraindication):
* |VH >grade 2 absolute contraindication.

Expected survival
e Quote around 50% to parents
e 30% if ECPR.
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Cannulation
e Contact:
* Intensivist if not already present
¢ ECMO Coordinator
* Cardiac Surgeon
¢ Perfusionist
¢ Theatre Team
¢ Blood Bank
* Cardiologist

The trick is to make each of them believe you are calling them first!
e Order blood to prime the circuit (1-2 units of packed RBC)
* Also order more blood and products for after cannulation
e Cannulation is an emergency surgical procedure. Full asepsis must
be adhered to, which requires additional awareness if cannulation
undertaken on PICU rather than in theatres
® Prepare medications
* Anaesthetic agents, e.g. ketamine 1-2mg/kg
* Prophylactic antibiotics according to local protocol,
e.g. flucloxacillin, vancomycin, or teicoplanin
* Heparin 50-100U/kg to be given immediately prior to cannulation,
once haemostasis achieved and vessels identified—the surgeon will
tell you when
* ‘Arrest drugs’ and ‘volume’ (colloid or blood as appropriate)
e Venous access:
* Ensure reliable access, ideally via central line, not at the cannulation site
* Venous access must be accessible when the patient is draped—use
an extension line, remember dead space of this when giving drugs
o Anaesthesia:
* Give anaesthetic drugs when everyone ready
* Ensure access to airway (particularly if hand ventilating) as access to
the patient is restricted during cannulation
e Cannulation will be VA usually, via the previous sternotomy:
» Sometimes via the right side of the neck, in which case the carotid
and jugular vessels will usually be ligated
* Patients with Fontan and Glenn circulations may also need femoral
cannulae
» Cyanotic patients with a good cardiac output better on VV ECMO
e Go on slowly; rapid initiation of ECMO with ‘old’ blood prime can
cause hypocalcaemic, hyperkalaemic cardiac arrest—give CaCl,

ECMO management
e Increase blood flow to ~100mL/kg/min for VA (120 for VV)
o Give volume to ensure adequate venous drainage: limit venous line
pressure —20 to 30mmHg for baby (50 to 60 adolescent).
e Set initial sweep gas flow to the same as the blood flow
e Measure central venous blood gas.
» Aim for PvO; of 4-6 KPa, SvO, >65% (extraction ratio <35%)
* If SvO2 is lower than this *+ ECMO flow
¢ Aim for PvCO, 6-8 KPa
* To remove more CO, t sweep flow, to remove less 4 sweep flow
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o | ventilation to allow lung rest but maintain coronary oxygenation
* Rate 10, PIP 20, PEEP 5-10, FiO, 40-50%.
 Adjust blood gases by manipulating ECMO circuit flow and sweep

e Once SvO, >65% adjust BP by manipulating SVR with vasoconstrictors/
dilators.

» Keep an inotrope on to stop the left heart dilating, e.g. dopamine
5-mcg/kg/min

o Once activated clotting time (ACT) starts to fall after cannulation and
if the patient is not bleeding, start heparin infusion 20-50U/kg/h (keep
ACT 160-200)

o Check Echo for LV dilatation

e Transfuse to maintain Hb 12—14g/dL, INR <1.5, platelets >150, and
fibrinogen >2

e Prevent bleeding i.e. avoid heel prick, central line etc.

e Continue doing intensive care as normal i.e. nutrition, renal
replacement therapy if needed (connect to ECMO circuit),
antibiotics etc

o Set temperature on ECMO circuit water bath

 Usually 37.5°C gives a patient core temperature of 36-37°C
» Consider cooling to 34-35°C for 48h if post cardiac arrest or if
tachy-dysrhythmia present.

Selected problems
o Bleeding. Step wise approach:
Initially reduce ACT to 160-180, transfuse to INR <1.5, fibrinogen
>2 ,and platelets >150
Aprotinin 1mL/kg loading over 30min then 1mL/kg/h infusion.
Reduce heparin to 10U/kg/h and ignore ACT.
Factor VIl concentrate (Novoseven®) 90mcg/kg (repeat in
2h, contraindicated with mechanical valve and non-functioning
ventricle) ~1% serious thrombosis.
Stop heparin and maintain high circuit flows
Surgical exploration of the cannulation site may be appropriate
Moving the ECMO cannulae to the neck and closing chest often
stops the bleeding
Application of this protocol will cause the circuit to clot—usually
slowly but sometimes suddenly, the whole team must be informed
and a new circuit should be on stand-by
o Circuit failure:
* ECMO specialist-clamp the patient off ECMO and try to fix/replace
the circuit
* Call ECMO team including perfusion
* Intensivist: try and keep the patient alive (hand ventilation, drugs,
volume and CPR) until ECMO flow can be re-established
e Inadvertent decannulation:
¢ As for ‘circuit failure’ also with massive haemorrhage/entrainment of
air from the cannulation site.
» Controlled by pressure (re-open chest if transthoracic)
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o LV distension:
* VA ECMO off-loads RV but can lead to LV distension (high
afterload to the failing LV)
» May be seen on Echo, high LA pressure, flat arterial trace
* LV must be urgently decompressed (surgical venting or atrial
septostomy) to prevent pulmonary haemorrhage and consolidation
e Sepsis:
* May be masked by lack of fever (temperature controlled by heat
exchanger)
» tCRP, tWCC, 1CO, production—ask if sweep flow has had to be *.
e Tamponade: even a small pericardial effusion can cause enough atrial
collapse to impede venous drainage to the ECMO circuit.

Signs of improvement
o Settling capillary leak
Heart ejecting
Improvement on daily Echo (must be done when clamped off ECMO)
Reduction in ECMO flow needed to maintain target venous gases
Improvement will usually occur in the first few days. If not:
* Ensure adequate cardiac repair (cardiac catheter, TOE or
exploration of the chest)
* Survival unlikely (although rarely possible) if still on ECMO at
1 week and extremely unlikely if heart is not ejecting at 1 week
¢ Each case judged individually but futile treatment is not in anybody’s
best interests.
Trial off VA ECMO
o Once heart has recovered and flow weaned to minimum
(30mL/kg/min)
e Start inotropes and heparin on patient, ventilate normally and clamp off
flow through ECMO cannulae

o Circuit recirculated via bridge, heparin continued on circuit, sweep off
e Patient and circuit ACTs 180-200s
e Flush cannulae q10min by unclamping
o [f stable for 2h decannulate:
 Echo, lactate and venous blood gas best guides to assess adequacy
of cardiac output
* If high dose inotropes needed (> 0.4mcg/kg/min epinephrine)
restart ECMO.
Decannulation

e Similar to cannulation, same team, same anaesthetic:

e The surgeon removes cannulae

* Send tips for MC&S.
o Beware temperature spike as patient ‘re-learns’ thermoregulation
o Treat aggressively as temperature can rise rapidly to >40C

Respiratory ECMO

e VV mode of choice, even if a patient is on large doses of inotropes as
long as they are responding
e For cardiorespiratory failure use VA.
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Neonatal ECMO

Indications

e Meconium aspiration sydrome, iRDS, sepsis (usually Group B Strep),
PPHN and CDH all cause persistent fetal circulation with right-to-left
shunting and hypoxia

e If Ol is >40, ECMO improves outcome’
* Ol = FIOy/MAP x PaO; in mmHg, multiply kPa by 7.5
¢ Lower Ol may be appropriate if patient is on adjunctive therapy

(i.e. INO), with no improvement.

Contraindications

o Weight <2kg

o Gestation <32/40

o |[VH >grade 2

o High pressure or high FiO, ventilation >9 days

e Moribund patient

e Congenital abnormality inconsistent with reasonable quality of life.

Expected survival

e Quote parents >85%

® >90% for meconium aspiration syndrome
e ~50% for CDH.

Cannulation

o Largely as for cardiac (see earlier).

e VV double lumen (VVDL) cannula 12 or 15F via right jugular vein, not
usually ligated

e VA via right neck for patients too small for VVDL or for
cardio-respiratory support, vessels usually ligated.

Management
Largely as for cardiac, except:
e Ventilator rest settings 20/10, rate 10, FiO, 30%
o Set ECMO flow on VV against PaO, (target 6-8KPa) if low turn up the
flow, SpO, >85% is adequate if Hb>12g/dL.
» Maximum flow 120mL/kg/min (recirculation occurs above this).
e Set sweep gas on VV against PaCO, (target 4-6KPa)
o Transfuse to Hb 12-14g/dL, INR<1.5, fibrinogen>1.5,
platelets > 75-100 if not bleeding
o Daily head ultrasound scan
e Daily ECHO to estimate PA pressures
e Surfactant and/or steroids may be given if not improving after
4 or 5 days—but little direct evidence for efficacy.

Signs of improvement

e Improved lung compliance

o Clearing CXR

e Lower ECMO flow needed to maintain PaO,

o Return of PA pressure to normal (1/3 to 1/2 systemic).

Signs of irreversibility

o Failure to wean from ECMO after>1000h.
o Surfactant B deficiency

o Capilliary alveolar dysplasia.
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Trial off VW ECMO

Once on minimum flow (~50mL/kg):

e Turn up ventilator, disconnect sweep gas, measure arterial gas

o Circuit continues as normal but becomes gas exchange neutral

e Ifin doubt VV trial off can be continued for 12-24h.

e [f FiO, >60% or PIP>25cmH,O, the patient is not ready to come off.

Paediatric ECMO
As for cardiac and neonatal respiratory, except:

Indications

o ARDS or pneumonia of various causes, RSV bronchiolitis and asthma:
* VV mode of choice for most patients
» VA for cardiorespiratory support.

Contraindications

ECMO does not improve survival in these conditions:

e Meningococcal sepsis in first 24h or with massive sepsis and
haemodynamic collapse

e Pertussus with high lymphocyte count

e Oncology patient with failed BMT and neutropenia

e First presentation of AIDS

o High pressure ventilation or high FiO, for >9 days (1 month old) or

>7 days (18 years old)

Active intracranial bleeding

Moribund patient

Underlying chronic condition with very poor prognosis.

Expected survival
e Quote parents ~70%.

Cannulation

o Largely as for cardiac (see earlier)

e VV 18F double lumen via right jugular (non-ligation) up to 10kg

o Larger children may require 2 or 3 cannulae, i.e. via right neck and
femoral vessels, sizes from 14F to 28F

e VA via carotid or femoral artery (beware distal ischaemia) for
cardio-respiratory support.

Management

All as for neonate except:

o Rest settings: rate 10, PIP 20-25cm H,O, PEEP 10-15cm H,O,

FiO, 30%

Daily head ultrasound and Echo to measure PA pressure not required
Surfactant rarely used, steroids may be given if not improving after 7 days
HFOV may be useful for lung recruitment

DNAse and acetyl-cysteine may be used, particularly if there are
persistent focal areas of consolidation

Fibreoptic bronchoscopy for airway suction

o Prone position

e CPAP or low pressure HFOV for barotrauma, air leak syndrome.
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Signs of improvement

e Improved lung compliance

e Clearing CXR

e Lower ECMO flow needed to maintain PaO,

Signs of irreversibility
e Failure to wean from ECMO after>1000h
o Pulmonary Hypertension (>2/3 systemic) after 3 weeks

Trial off VW ECMO
e Once on minimum flow (~50mL/kg):
* As per neonatal VV ECMO
o If FiO, >60% or PIP>30cmH,O, the patient is not ready to come off.

VADs

These comprise extracorporeal centrifugal pumps or pulsatile pneumatic
systems that drain blood from right atrium and return it to the pulmonary
artery for right ventricular support, and from the left ventricle (or the left
atrium) and return it to the ascending aorta for left ventricular support.

Centrifugal pumps

e These include the BioMedicus Biopump, CentriMag®, and RotaFlow®,
amongst others. This type of pump has been used since the early 1990s
for short-term support in children with postoperative cardiac failure
but competent lung function

e Based on vortex technology, these systems use a magnet to drive

a spinning turbine, creating a flow of 5-6L/min without significant

mechanical damage to the blood cells

Each VAD system is designed for single ventricular support (left or

right). 2 pumps connected in series may provide biventricular support,

although this is technically challenging.

Pneumatic pulsatile ventricular assist devices

o Several types of VADs have been used in older children.
2 pneumatically driven VADs designed specifically for smaller children
and infants currently in routine use

e These include the Berlin Heart Excor® and the Medos HIA pulsatile
systems. Both consist of a pneumatic compressor-operated diaphragm
pump with valves. The pump is extracorporeal and connected to the
body by special silicone cannula

e The systems are transparent to allow early thrombus detection, and
being external can be changed rapidly if required in the event of a
problem such as malfunction, blockage or thrombus formation.

Advantages

o Relative ease of use (compared to ECMO)

Ease of implantation

Fast setup time

Low priming volume

Less anticoagulation than ECMO (since it usually does not have an
oxygenator or a heat exchanger)

e |ower cost.
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Disadvantages

e Shorter duration of usage

e Thrombus formation in the circuit

o Nonpulsatile flow nature.

e Functioning right ventricle needed since it supplies preload to the left
ventricle supported by the VAD.

e Size limitation if biventricular support is needed.

Intra-aortic balloon pump (IABP)
The IABP is an expandable balloon that is inserted into the descending
aorta. The balloon is periodically filled and emptied of helium gas, and this
pulsation augments cardiac function.
e In diastole the IABP inflates, sending blood both proximally and
distally. This augments the aortic diastolic pressure and hence coronary
perfusion. (See Fig. 11.2).
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Fig. 11.2 a) Ideal location of the balloon. b) Effect of augmentation on the aortic
arterial trace. Reproduced from Collison SP, Dagar KS (2007) The role of the
intra-aortic balloon pump in supporting children with acute cardiac failure. Postgrad
Med J 83: 308-11, with permission from BM] Publishing Group Ltd.

e Balloon deflation is timed to the onset of ventricular contraction and
the opening of the aortic valve. The space occupied by the balloon in
the aorta is suddenly released as the ventricle empties. This reduces
pressure in the aorta, thereby reducing ventricular afterload and
ventricular wall stress, and improving cardiac performance

e This device is less effective in smaller children than in adults due to
increased compliance of the aorta, small aortic size, and higher heart
rates leading to difficulty in synchronization

o Advantages of IABP for providing left ventricular support:

¢ Lessinvasive than ECMO and VAD
* Less anticoagulation needed (compared to ECMO)
» No extracorporeal circuit is required
* May be less expensive than the other modalities
o Disadvantages:
* Shorter duration of use
* Questionable utility in smaller children due to technical limitations
* Only a left ventricular support modality
* Limitation with certain anatomy/physiology (such as patent ductus
arteriosus or aortic insufficiency)
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» Complications including mesenteric ischemia and arterial injury
* The right ventricle is not supported by |AB.

Table 11.2 Comparison of mechanical support options

ECMO Centrifugal Pulsatile VAD  IABP
VAD

Paeds Large Limited Limited Minimal

experience

ICU Yes No No Yes

cannulation

Univentricular  Yes Yes Yes Left

support

Biventricular ~ Both Possible, but  Possible, but No

support difficult difficult

Oxygenator?  Yes Difficult Difficult No

Complexity High Moderate Moderate Low

Anti- High High (but less High (but less Low

coagulation than ECMO)  than ECMO)

needed

Complication ~ Moderate Low Low Low to

rate to high moderate

Duration Days to Days to Weeks to Days

weeks weeks months

Need for LA Occasional ~ No No No

decompression

Cost High Moderate High Moderate/
low

Reference

1. UK Collaborative ECMO (Extracorporeal Membrane Oxygenation) Trial Group. UK collabora-
tive randomised trial of neonatal extracorporeal membrane oxygenation. Lancet 348: 75-82.

Further information and reading

Chang AC, McKenzie ED (2005). Mechanical cardiopulmonary support in children and young
adults: extracorporeal membrane oxygenation, ventricular assist devices, and long-term support
devices. Pediatr Cardiol 26: 2-28.

Collison SP, Dagar KS (2007). Meyer S, Gortner L, McGuire W, et al. (2008). Vasopressin in
catecholamine-refractory shock in children. Anaesthesia 63: 228-34

o UK ECMO Centres:
« Glenfield Hospital, Leicester, 0116 2541414
« Great Ormond Street Hospital, London, 0207 829 8652
* Freeman Hospital, Newcastle upon Tyne, 0191 223 1016
* Yorkhill Hospital, Glasgow, 0141 201 0255

e Rest of the World: http://www.elso.med.umich.edu/
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Introduction

Cardiopulmonary bypass (CPB) takes over the function of the heart and
lungs to allow surgery on the heart, great vessels, or airway. It is the only
way to achieve a still, bloodless heart while maintaining circulation to the
rest of the body.

Alternatives to bypass include deep hypothermic cardiac arrest (DHCA),
during which the circulation is completely stopped under hypothermic
protection. Despite recent advances in technology, CPB and DHCA can
cause many problems to the post-cardiac surgery child.

The essential functions of CPB are:
o Oxygenation

e Ventilation (CO; removal)

e Circulation

e Temperature control.

Preoperative assessment

Usually the cardiac surgery/cardiology team will have discussed the indica-

tions for surgery using CPB and consent will have been taken. It is important

to also assess the following:

e Teeth: carious teeth increase the risk of endocarditis and should be
dealt with prior to cardiac surgery (if time allows)

o Weight: the risk of CPB is much higher in patients <2kg

e DiGeorge syndrome: 22q11 microdeletion, detected by FISH test, is
common in cono-truncal defects. Patients need irradiated and
CMV-negative blood and products (these can take up to 24h to obtain)

e Brain: ventilated neonates who have suffered a significant
hypoxic-hypotensive insult should have a full neurological assessment
including imaging with US/CT/MRI as appropriate prior to surgery

e Blood and products: 4 units packed cells and 10mL/kg of FFP, platelets,
and cryo-precipitate will be required:

e The adult dose of products is 4-6 units of each, so once the
calculated dose in mL/kg exceeds this, the adult dose is used
(25-30kg).

» Some of the blood will be used to prime the pump and the rest will
be available postoperatively.
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The cardiopulmonary circuit

Standard components

e Atrial cannula (right atrial, caval, or femoral)

e Venous line

e Venous reservoir

e Venous outlet

o Pump (peristaltic roller pump or centrifugal)

e Oxygenator (usually hollow fibre with an integral heat exchanger)

e Arterial filters and bubble detector

o Arterial line

o Arterial cannula (aortic, femoral, or axillary)

e Monitoring (minimum is venous saturation, pre- and post-oxygenator
pressure)

o Pumps.

Pumps
e Peristaltic:
e Most widely used
» Tubing compressed by rotating rollers, pushing blood along the tubing
* Flow dependent on size of tubing, length being compressed, and the
speed of the rollers (revolutions per minute, rpm)
* If the arterial line is obstructed the high pressures generated can
cause tubing rupture
o Centrifugal:
* Rapidly rotating (2000-3000rpm) plastic cones generate a pressure
difference, leading to flow
* Non-occlusive
* Flow reduced by increases in afterload.

Oxygenators
e Microporous hollow fibre oxygenators made from polypropylene are
the most widely used:
» Gas exchange occurs across a microporous membrane which
separates blood and gas phases
* Large surface area (for gas diffusion) achieved by hollow fibre design with
blood flow either inside or outside the fibres, or a folded envelope design
 Ventilation and oxygenation are relatively independent.
Simplistically, ventilation is dependent upon gas flow (sweep gas
flow) through the oxygenator, and oxygenation is dependent upon
the FiO, of the sweep gas, and the CPB circuit blood flow
e Bubble oxygenators are less commonly used.

Heat exchangers

e Cool or warm blood, controlling the temperature of the patient and of
cardioplegia if required

e Integral part of most oxygenators

e Operate between 2—42°C. Protein denaturing occurs outside of this
range. Although cardioplegia may be given at around 8°C, the patient
temperature is never dropped below 14°C as there is a high incidence
of choreo-athetosis and poor neurological outcome when such extreme
hypothermia is used.
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In the operating room

o Access:
¢ |s usually via a median sternotomy, but in re-do surgery
extra-thoracic cannulation via the neck or groin may be used
¢ Blood is drained from the venous system and returned to the
arterial tree
* Additional vents may be inserted into the left atrium to keep the
heart empty
o Typical target flows on CPB:
* Patients <10kg — flow = 150mL/kg/min
* Patients >10kg — flow = 2400mL/m?%min
o Cannula sizes:
» Once the flow rate is calculated the choice of arterial and venous
cannula size can be made (see L Table 6.1, p.62)
* In the case of venous cannulation, the choice as to single
(right atrial) or double (SVC and IVC) cannulation is made
e Bi-caval cannulation is used primarily in operations where the right
side of the heart needs to be entered
o Priming the circuit:
» The CPB prime composition is calculated such that the combined
patient and bypass pump blood haemoglobin is at least 8-9g/dL
* Prime volume is minimized to use as little donor blood as possible
* Patients >10kg may have a bloodless prime if their Hb is >12g/dL
e Typical CPB prime ‘recipe’:
* Total diluent volume calculated on the basis of the patient’s Hb and
blood volume
 Constituents depend on the blood used (fresh heparinized; citrated
whole blood; or packed cells)
» CPB prime constituents may include:
— blood
— heparin
— calcium chloride
— magnesium
— sodium bicarbonate
— dextrose
— 20% albumin
— steroids (typically 30mg/kg methyl-prednisolone to a maximum
of 1g, to limit inflammatory activation)
— crystalloid, plasma, or plasma substitute to make up to volume
* The biochemical and acid-base balance of the prime is tested prior
to the initiation of bypass and modified to normal values
e Heparin:
* 300U/kg is administered to the patient prior to initiation of CPB
 This causes complete anticoagulation of the blood as measured by
an activated clotting time (ACT) of around 500—-1000s
e Hypothermia:
» Most surgery requires cooling which can vary from 14-32°C
depending on the condition
» Complex surgery in cyanotic patients is done colder in order to
reduce the metabolic rate (10% per degree) and allow lower bypass
flows (less blood in the surgical field)
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o Aortic cross clamp and cardioplegia:
» Cardioplegia is used to stop the heart to allow intracardiac surgery
e The heart is isolated from the circulation, the aorta is
cross-clamped, and cardioplegic solution is infused into the
coronary arteries below the clamp
* There are many different recipes but the most commonly used is
30mL/kg cooled blood (8°C) with added potassium (concentration
85mmol/L). This stops the heart in diastole
 Cardioplegia infusion must be repeated every 20-40min
o DHCA:
Needed to allow surgery in small patients with limited surgical
access; surgery around the aortic arch; and other complex repairs
The patient is cooled to around 14°C
DHCA is kept as short as possible—the risk of neurologic injury
from cerebral hypoxia during DHCA rises with time
DHCA times of 30—40min are not unusual: Times >45min are
associated with adverse neurological outcome
Sometimes steroids (methyl-prednisolone 30mg/kg) are given as an
aid to neuroprotection. The evidence for this is weak.

Cerebral protection

Haemodilution

e Too much haemodilution reduces cerebral oxygen delivery and is
associated with an adverse outcome

o Aim for a haematocrit ~30% on CPB.

Acid—base management on CPB
o With hypothermia, the oxyhaemoglobin dissociation curve shifts to the
left, reducing oxygen availability and CBF
e Two distinct strategies of pH management may be used:
¢ Alpha-stat, which maintains the pH at 7.4 without compensation for
temperature, and
* pH-stat, which adds carbon dioxide to the circuit to enhance
haemoglobin dissociation and increase cerebral blood flow,
increasing cerebral tissue oxygenation. Intracellular pH falls
o For DHCA the best evidence is to use pH-stat during cooling, switching
to alpha-stat just before arrest and for rewarming, this ensures more
even brain cooling and prevents cerebral vasoconstriction
e There is a strong correlation between rapid cooling/warming and poor
neurological outcome.

Glucose management

o Hyperglycaemia during CPB is associated with adverse outcome in
some, but not all studies

e Too tight control of blood glucose could lead to hypoglycaemia, so
tight glycaemic control is not without risks.

Drug therapy

e Prophylactic steroid therapy reduces inflammation and brain injury in
animal and some human studies

e No consensus on steroid dose, timing, or treatment regimen
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o Other drugs, such as barbiturates, propofol and others have
neuroprotective effects in experimental studies, but these have not
been verified in clinical practice.

Intermittent cerebral perfusion

o Animal studies of intermittent systemic recirculation during DHCA
improves neurological outcome. Little or no paediatric clinical data

e May be considered if DHCA becomes unduly prolonged.

Low-flow CPB

o Allows some perfusion to the brain which may improve neurologic
outcome

e Minimum safe flow not established. May compromise the surgical field
and make repair more difficult.

Regional low-flow cerebral perfusion

The brain is perfused through the right innominate and right vertebral
arteries maintaining some flow to the brain during cardiac arrest and
potentially improving neurologic outcome. No definitive clinical studies.

Monitoring during CPB
e Normal recommendations for patient monitoring during anaesthesia
should be followed
o Monitor CPB circuit parameters continuously:
* Gas tensions and flow, blood flow and temperature, blood and
(where relevant) cardioplegia pressure in the circuit
e Patient monitoring should include:
» ACT to confirm adequate levels of anticoagulation
* ABG and electrolytes; blood sugar
» SvO; and lactate to estimate oxygen uptake and utilization
 Cerebral monitoring (see Box 12.1).

Pulsatile versus non-pulsatile flow

o The perfusion provided by CPB pumps is relatively non-pulsatile

o Pulsatile perfusion (PP) may improve microcirculatory flow, myocardial
perfusion, oxygenation, indices of contractility, and decrease lung water
retention

e PP also reduces the rise in SVR seen during CPB, thought to be
secondary to changes in the renin—angiotensin system

e However, clinical studies have been unable to detect a benefit of PP

e Pulsatile flow is difficult to achieve in infant CPB, because of damping
that occurs in small arterial cannulae.
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Box 12.1 Cerebral monitoring

Estimates of post-CPB neurological injury range from 2-30% in neonates.
Monitoring cerebral function during CPB may allow interventions to
reduce this. Possible approaches include monitoring of SVC or jugular
venous bulb oxyhaemoglobin saturation (SvO,), regional cerebral
oxygen saturation by NIRS, cerebral blood flow velocity by transcranial
Doppler, EEG, or processed EEG.

Transcranial Doppler (TCD)

o Measures blood flow velocity typically in the middle cerebral artery,
estimating cerebral blood flow

o Useful in detecting cerebral under perfusion (especially in low-flow
CPB), and cerebral over perfusion

e Minor changes in probe position may result in significant signal
alteration (can be a problem in the operating theatre)

e Complications rare. Avoid directing the probe at the eyes

e May detect signals representing cerebral emboli. Clinical significance
of these signals uncertain.

Near infrared spectroscopy (NIRS)

o Non-invasive estimate of oxyhaemoglobin saturation in a volume
of brain tissue (regional cerebral saturation index rSO;i), reflecting
brain tissue oxygen content

o Best used as a trend monitor over time

o Low rSO,i associated with cell dysfunction and risk of death.

o Adverse neurological outcome related to low baseline rSO,i and
time spent at nadir of rSO,i

o Complications uncommon, but include skin sensitivity and burns or
pressure injury from the light source.

Combined monitoring

e May improve prediction of adverse outcomes, but difficult to apply
multiple monitors to the small foreheads of infants

o In one study, 90% of abnormal events detected by NIRS and 10%
by TCD.

Modified ultrafiltration (MUF)

o The inflammatory response initiated by CPB causes tcapillary
permeability and textravascular fluid

o Perioperative MUF decreases total body water and improves the
haemodynamic and pulmonary status

o Aim to remove 100mL/kg of filtrate in infants (dependent on stable
haemodynamics)

e Amount of filtrate removed will vary in larger children.

De airing

o After the intracardiac repair has been completed air is removed from
the cardiac chambers and the cross clamp is released

e Small amounts of air are retained in the heart and can enter the right
coronary artery and cause transient ischaemia and RV dysfunction.
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Box 12.2 Criteria for discontinuing bypass

o Satisfactory rhythm and ventricular rate (paced if necessary)
o Nasopharyngeal temperature 36.5-37.5°C

e K*4.0-5.5

o pH 7.30-7.50

o pO, appropriate for anatomy

o Anaesthetist ventilating.

Rewarming and coming off CPB (see Box 12.2)

e The patient is fully rewarmed and then weaned from CPB usually with
the aid of inotropes

e Heparin is reversed with protamine

o Most patients have temporary epicardial pacing wires placed. The
ventricular wires are brought out to the left of the sternum and the
atrial wires to the right (in situs solitus)

e Pressure monitoring lines may be placed in the RA, LA, or PA and
brought out through the chest wall

e Myocardial swelling may prevent sternal + skin closure. A silastic
membrane may be sewn into the skin edges

o All patients have mediastinal and/or pleural chest drains.

Times

o Long CPB time: systemic inflammatory response, fluid shifts
o Long DHCA time: ~risk of neurological injury, especially >60min
e Long aortic cross clamp time: ~myocardial dysfunction.

Selected postoperative complications

Postoperative management and general complications following CPB are
covered in ) Chapter 20.

Further reading

Association of Anaesthetists of Great Britain and Ireland (2000). Recommendations for standards
of monitoring during anaesthesia and recovery. Association of Anaesthetists of Great Britain and
Ireland, London. Available at: S www.aagbi.org

Chikwe J, Bedow E, Glenville B (2006). Oxford Handbook of Cardiothoracic Surgery. Oxford
University Press.

Jones TJ, Elliott MJ (2006). Paediatric cardiopulmonary bypass: bypass in a high risk group. Perfusion
21:229.

Williams G, Ramamoorthy C (2007). Brain monitoring and protection during pediatric cardiac
surgery. Semin Cardiothorac Vasc Anesth 11: 23.
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Intravenous fluid and electrolytes

@ This section assumes infants and children are unable to take oral or enteral
fluids. Guidance on enteral feeding and fluids is given in £ Chapter 15.

P> First establish the weight of the infant or child which can be estimated
by Broselow tape or, for children between 1-10 years, by formula:

weight (kg) = 2 x (age in years +4).

General points

Water

o 80% of the body weight at birth is water

o This is reduced to 60% by 1 year of age

e Approximately 2/3 is intracellular and 1/3 extracellular. ECF is
proportionately greater in neonates (initially 2/3) and falls as the child
grows and cells increase in number

o Adipose tissue stores less water, so post-pubertal girls have a lower
total body water content than boys and pre-pubertal girls.

Electrolytes
o Within the intracellular compartment:
« Potassium (K*) is the principal cation
 Phosphate (PO;) and proteins are the main anions
o Within the extracellular compartment:
* Sodium (Na¥) is the principal cation
* Bicarbonate (HCO3) and chloride (Cl")are the main anions.

Daily requirements

Fluid requirements: fluid needs can be calculated with the weight of the
child using the calculations in Table 13.1.

Table 13.1 Algorithm for daily fluid requirement calculation

Child’s weight (kg) ‘Maintenance’ mL/24h

2-10kg 100mL/kg

10-20kg 1000mL plus 50mL/kg for each kg >10kg
>20kg 1500mL plus 20mL/kg for each kg >20kg

Maximum amounts: males 2500mL/24h; females: 2000mL/24h

e This guide amount is reduced:

* In neonates: 50mL/kg/day on day 1 of life, 75mL/kg/day on day 2

« After major surgery (i.e. see L p.371)

« If child is intubated on humidified ventilation (25-50% reduction).

* Where fluid is being retained (cardiac failure or renal impairment)
o Itis *in children:

* With abnormal skin (e.g. burns 1 p.517)

* Who are pyrexial or on phototherapy (25% increase)

* With tachypnoea or on non-humidified mask ventilation

* Who are losing fluid (diarrhoea or vomiting, polyuria)
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* Electrolyte requirements: summarized in Table 13.2.

Table 13.2 Daily electrolyte requirements (mmol/kg/day)

Na* 2-4
K* 2-3
Ca?* 1
Mg?* 1
Cl- 3-5
PO% 2-3

A\ Potassium concentrations should not normally exceed 40mmol/L for
peripherally administered solutions (risk of extravasation injury).

A\ Avoid giving calcium via peripheral lines unless absolutely essential.
Monitor peripheral cannulation sites carefully where calcium is added to
fluid as skin burns can result from extravasation.

Fluid replacement (Table 13.3)

o |deally all fluid, electrolyte, and calorie replacement would be given by
the enteral route, and |V fluids should only be prescribed when this is
not possible or appropriate.

Table 13.3 Composition of commonly used IV fluids

Serum  0.9% 0.9% 0.45% 0.45% 0.18% HS
Saline Saline/ Saline Saline/ Saline/

g5w g5w g4w

Na* 135-145 154 154 77 77 31 131
K* 3.5-5 5
Ca?* 22-2.6 2
cr 95-105 154 154 77 77 31 111
HCO* 24-32 29
Na*/Cl- 1.28- 111 1:1 1:1 111 1:1 1.18:1

1.45:1
Glucose 4-6 50g/L 50g/L  40g/L
Osmolality ~ 275-295 276
EFW 0 0 50 50 80 16
Tonicity Iso Iso hypo  hypo v.hypo Iso

All values in mmol/L, except Na*/Cl" (ratio); osmolality (mOsm/kg); electrolyte free water
(EFW; %). g5w, 5% glucose; g4w, 4% glucose; HS, Hartmann’s solution. "As lactate.

Iso, isotonic; hypo, hypotoniv; v.hypo, very hypotonic. (Data from McLellan NJ (2009). BCH
clinical guidelines, Birmingham Children’s Hospital, UK.)
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o 0.9% saline or 0.9% saline with 5% glucose has become the fluid of
choice for maintenance and deficit replacement in most cases

o Previous use of 0.45% saline with 5% glucose (‘half normal with
glucose’) or 0.18% saline with 4% glucose (‘four and a fifth’) has
declined with concerns about hyponatraemia (E- p.238)

o Glucose content of fluid can be adjusted to the needs of the child

A\ Hypotonic solutions (5% or 10% glucose, or 4% glucose + 0.18% saline)
are not normally used because of the risks of hyponatraemia

e Pre-term and newborn infants may be an exception to this rule as they
have limited ability to excrete Na™. They may be managed with 10%
Glucose, added electrolytes and regular monitoring.

Osmolality and tonicity

e Osmolality is a measure of the solute concentration, or the number of
solute particles present in solution and is independent of the size or
mass of the particles

e Tonicity is the effective osmolality and is equal to the sum of the
concentrations of all the solutes that have the capacity to exert an
osmotic force across a membrane

o Solutes that penetrate freely across a membrane do not exert an
osmotic force across it

e When infusing 5% glucose, for instance, the glucose is taken up and
metabolized by cells, leaving only electrolyte-free water.

How to calculate osmolality
Calculated osmolality = 2 x [Na*] + 2 x [K*] + [glucose] + [urea]

If the calculated osmolality is less than the laboratory measured osmola-
lity, then there is another osmotically active substance present, i.e. sugar,
mannitol etc.

Fractional excretion of water and sodium (FEH,0 and FENa*)

e The FEH,O is the fraction of the glomerular filtrate volume that
appears as urine, expressed as a percentage

e The FENa* is the fraction of the sodium filtered by the glomeruli which
appears in the urine, expressed as a percentage (Box 13.1)

o Values depend upon water intake, ADH levels, the renin/angiotensin

system, renal health and maturation, medications and other factors

Children with healthy kidneys can lower both FE values to <1%

In renal hypoperfusion, the FENa™ is <1%

In intrinsic ARF, it is >2.5%

Recent use of diuretics makes interpretation of FE values difficult

Together, urinary sodium concentration, urinary osmolality, FENa*

and FEH,O can be interpreted to understand a patient’s fluid and

electrolyte status (see Fig. 13.1)

e Urinary sodium concentration cannot be interpreted alone, as sodium
and water excretion may vary together or independently.
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Box 13.1 Calculation of FEH,0 and FENa*
FEH,0 = (PCr/UCr) x 100

FENa = [(UNa/PNa) x (PCr/UCr)] x 100

o PNa = plasma sodium, mmol/L
e UNa = urine sodium, mmol/L
o PCr= plasma creatinine, pmol/L
e UCr = urine creatinine, umol/L
(UCr often reported in mmol/L, may need multiplication, x 1000)

FE values are expressed as %

Diabetes insipidus, which may be
1% nephrogenic or central.
Will also have a high FEH,O

Established renal failure, which
<400 - may be:

Chronic, often with history of
polyuria and

polydipsia, and will have a raised PCr.
Acute, due to acute renal ischaemia.

PCr will he high, or rising.

Mild = acute tubular necrosis (ATN).

Severe = cortical necrosis.

Dehydrated, Acute pre-renal failure, due to
underperfusion, but without the
proximal tubules becoming ischaemic
and dying.

Hence, is still able to reabsorb
filtered Na.

Willalso have a FEH,0 <1%.

unwell, or
shocked
child

SIADH, in which the urine
concentration and sodium excretion
are always high, but very little
water is excreted.

Salt poisoning, in which large
quantities of sodium are excreted
(hence the urine is concentrated),
and moderately large amounts of
water are also usually excreted.

The FEH,O may therefore be much
higher than 1%.

The PCr s likely to be normal or low.,

Fig. 13.1 Simplified algorithm to diagnose the pathophysiology of the water and salt
balance of unwell children. Reproduced from Coulthard MG (2008). Will changing
maintenance intravenous fluid from 0.18% to 0.45% saline do more harm than good?
Arch Dis Child 93: 335-40.
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Box 13.2 IV fluids—a few points, some myths and some
fancies

Sick infants and small children are particularly susceptible to + ADH

secretion as part of the ‘stress response’

e This is not ‘inappropriate’ ADH syndrome but an evolutionary
physiological response to real or potential hypovolaemia (e.g.
following surgery or trauma), when the body thinks it will need to
retain fluid

e Obviously evolution did not anticipate the advent of IV fluid therapy.
Combine tADH secretion and prescribed hypotonic |V maintenance
fluids and iatrogenic hyponatraemia becomes a major problem with a
significant associated mortality.

IV maintenance fluids may be very hypotonic; hypotonic; isotonic;

or hypertonic (see Table 13.3)

e Very hypotonic fluids are associated with hyponatraemia whereas the
moderately hypotonic and the isotonic fluids appear to be safer

o |sotonic solutions should be prescribed for ‘maintenance fluids’ in
most cases

o |f hypotonic fluids are prescribed, the child should be reviewed
regularly, particularly if they are, or have recently been, sick.

The accepted formulae for IV fluid prescription (see Table 13.3) may

in fact be excessive

o This calculation is based on calorie consumption (1mL of fluid for
every kcal consumed) which itself is based on the child’s weight

e 80% of energy expenditure occurs in the major organs which
account for <10% of body weight. The assumption that tweight
results in a direct proportional increase in energy expenditure is
incorrect. Energy expenditure and hence fluid requirements may be
overestimated, particularly in obese children

o Sick children consume significantly less energy than well children due
to inactivity

All these factors have implications for hospitalized children:

o All very hypotonic IV fluids are restricted to specialized use only.

o |V maintenance should be isotonic (e.g. 0.9% saline or Hartmann’s
solution/Ringer’s lactate) or moderately hypotonic (0.45% saline with
glucose 2.5% or 5%)

o All additional losses, e.g. NG losses or excessive diarrhoea/stoma
losses should be replaced with 0.9% saline

e The volume of ‘maintenance fluid prescribed should be restricted in
all cases where ADH secretion is raised (e.g. postoperatively, CNS
and lung pathology). Prescribe 66—75% of full maintenance (based on
body weight).
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Box 13.2 IV fluids—a few points, some myths and some
fancies (Continued)

PICU patients have even more reasons to restrict IV fluid prescriptions:

o Children are extremely inactive (sedated and paralysed)

e Mechanical ventilation reduces work of breathing and therefore
calorie consumption

e Insensible loss is reduced through humidification of inspired gases

o ADH secretion is induced by positive pressure ventilation, lung
pathology, CNS insults, and other common situations on PICU

e This means that children on ventilators should be restricted to
50-75% of normal IV maintenance fluids (calculations based on their
weight).

Note: this does not apply to children with large fluid requirements,
e.g. burns, sepsis etc, or to NG feeding prescriptions (Ed p.278).

Fluid deficits and rehydration

o Shock states or ongoing losses of body fluids should be treated initially
with normal saline, plasma expanding colloids or 4.5% human albumin
solution (see Box 13.3). Further losses may necessitate the use of
blood products

o A fluid deficit is estimated by weight or clinical examination, and the

deficit added into maintenance fluids for replacement at a rate which is

governed by the extent of the deficit and its cause

Fluid deficit is most accurately gauged by a change in weight

Where weighing is impossible or no recent weight is available for

comparison, a clinical estimate of dehydration may be made

This is expressed as the number of mL of water lost per 100g of body

weight or the percentage of dehydration

Rates of rehydration need careful recalculation and adjustment

in each child.

Clinical estimation of dehydration

® 5% dehydration: reduced skin turgor, sunken eyes and or fontanelle,
dry mucus membranes, ¥peripheral perfusion, irritability, oliguria,
pyrexia

o 10% dehydration: lax skin, poor perfusion, drowsiness, anuria

e Using this estimate the child’s fluid deficit can then be calculated:
Deficit in litres = (weight (kg) x % dehydration)/100

Rate of deficit replacement

e Shock needs to be addressed swiftly (see L p.579)

o Deficit replacement over 24-36h is appropriate in most cases

e In hypernatraemia and hyponatraemia (see later sections), 48—72h
may be needed for deficit replacement. This is necessary to avoid
neurological complications caused by rapid changes in serum Na*.

Severe dehydration

o Children who are 210% dehydrated are prone to complications such as
renal vein and cerebral venous sinus thrombosis

235
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e These complications should be remembered when the expected
responses in urine output or conscious level are not obtained with
fluid therapy

o Appropriate further examination and investigation should be
undertaken.

o Significant ‘contraction alkalosis’ can also occur in dehydrated children
(see Acidosis [l p.255) masking the severity of their acidosis. Such
children may need bicarbonate therapy during rehydration.

Box 13.3 A word on colloids

Colloids are aqueous electrolyte solutions containing large molecules-
proteins in the case of human albumin solution (molecular weight 68,000
daltons) and gelatins in gelofusine and haemaccel (molecular weight
30,000). The large molecules slow ‘leakage’ from the circulation through
the capillary endothelium and therefore these solutions exert a colloid
osmotic (oncotic) pressure. The advantage of colloids is that they stay in
the circulation longer and thus less is needed to resuscitate the intravas-
cular space when compared to crystalloids. In theory they should also
cause less oedema. In practice, when capillary leak occurs it appears as if
colloids do leak and potentially may cause more resistant oedema.

Human albumin solution 4.5% is a heat-sterilized human blood by-
product that has a half-life of 16h in the circulation. Gelofusine and
haemaccel persist for less time in the circulation but for longer than
crystalloids. All 3 solutions contain plasma like concentrations of sodium
and chloride. Larger molecular solutions such as hespan and pentaspan
as well as dextran should be avoided.

Crystalloids versus colloids

Whilst it is standard practice to prescribe maintenance IV therapy with
crystalloid solutions there is controversy regarding the suitability of col-
loids in resuscitating patients with hypovolaemia and sepsis. Proponents
of colloid point to their efficiency (less required for the same effect) and
physiological effect. Opponents point to their cost (colloids are con-
siderably more expensive) and lack of evidence base. Indeed the evi-
dence (from adults) is pretty clear so far: colloid therapy offers no clear
advantage over crystalloid therapy (large paediatric trials are limited).
However, most intensivists in our experience use a combination of both
depending on the situation—often starting resuscitation with IV crystal-
loids, e.g. at 20mL/kg, and introducing colloids if more aggressive resus-
citation is required (5-10mL/kg). Postoperative cardiac patients are
often treated with colloid IV and many intensivists use human albumin
for meningococcal sepsis.

Please note that over zealous use of colloids can overfill the circulation
and tip the patient into pulmonary oedema (by increasing pulmonary
venous pressure, see L Box 13.5). Human albumin solution 20% is not
recommended for resuscitation.

Monitoring fluid therapy (Box 13.4)
The key to effective and safe practice in fluid and electrolyte therapy is
careful documentation and regular monitoring of the following:
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Clinical parameters

o Weight: remember individual weighing-scales differ in accuracy
o Fluid balance: intakes — outputs all need to be charted

o Perfusion state: pulses and central capillary refill time

e Conscious level: GCS should not drop

o Hydration state

e Cannulation sites

Laboratory parameters

o Serum electrolytes: especially where supplements are given

e Serum urea and creatinine: rising values alert to renal impairment

e Haematocrit: a marker of intravascular status if no bleeding

e Blood glucose

e Urine electrolytes: urine Na* and ClI” <20mmol/L in hypovolaemia.

Fluid losses

e Losses incurred such as haemorrhage and capillary leak can be assumed
to have a similar composition to ECF

o Losses from the Gl tract will depend on their origin and may require
specific replacement intravenously (Table 13.4).

Table 13.4 Composition of Gl fluids (mmol/L)

Fluid Sodium Potassium Chloride
Gastric 20-80 5-20 100-150
Pancreatic 120-140 5-15 40-80
Biliarx/upper small 100-140 5-15 80-130
intestine

lleostomy 40-140 5-15 20-120
Diarrhoeal 1090 10-80 10-110
Box 13.4

o Fluid balance fluctuates rapidly and widely in seriously ill patients

o Carefully measured input (IV and enteral) and output (urine, drain
losses, Gl losses) values must be recor;ded hourly

e Insensible losses are often overlooked
 Important as children have a fsurface area to body weight ratio
» Come from skin and respiratory tract
* Vary with the patient’s temperature, dimensions, and ventilation

(humidification of inspired gases ¥ respiratory losses by 80%).

o 10-30mL/kg/day (300mL/m?day) is a reasonable estimate of

insensible losses.
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Hyponatraemia: Na* <130mmol/L

e Initial checks:
¢ Check where sample drawn from to identify contamination
» Correct serum sodium result for hyperglycaemia

Corrected Na* = measured Na* + 0.3{Gluc -5}

* Check osmolar gap between measured and calculated plasma
osmolality.

Causes: see Table 13.5.

Treatment of hyponatraemia (Fig. 13.2)

o Best dealt with by taking preventive measures—restrict intake to

50-75% of normal maintenance for patients on positive pressure

ventilation and receiving humidified gases

If hyponatraemia due to water retention (i.e. SIADH), restrict fluid to

25%-50% of normal maintenance rather than * sodium supply

o With severe (or symptomatic) hyponatraemia <125mmol/L, fluid
restriction alone would take too long to rescue the patient from
dangerously low sodium concentrations. Use 3% saline (i.e. 513mmol/L
or 0.5mmol/mL):

* The exact sodium deficit can be calculated (assuming a volume of
distribution of Na* of 60% body weight) using the classic formula
Na* deficit (in mmol) = weight (kg) x 0.6 x (125 — plasma Na*)

l.e. in a 10kg child with plasma sodium of 120mmol/L the sodium
deficit (to a serum sodium of 125mmol/L) is 30mmol. Therefore
give 3% sodium (0.5mmol/mL) at 15mL/h for 4h. The figure 0.6 is
used as an (over) estimate of body extracellular fluid volume

* If symptoms are severe, e.g. child is fitting give 4mL /kg 3% saline
over 30min. If symptoms persist give 2mL/kg over 15min and repeat
if symptoms persist

A\ Stop at plasma sodium of 125mmol/L or if plasma sodium
increases by >0.5mmol/h

If hyponatraemia is chronic (>48h) then take care not to correct the
plasma sodium too quickly—aim for plasma sodium of 125mmol/L
(risk of central and extrapontine pontine demyelination).

Further management

o Take a detailed history focusing on precipitating factors: water excess,
D&V, chest infection, habitual juice drinking, head injury

o Examine the child with particular attention to hydration state,
perfusion, and neurological system

o Order base-line tests: serum osmolality, urea and creatinine, urine
osmolality and electrolytes (Na*and Cl7), FBC, blood gas.
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Fig. 13.2 Diagnostic and treatment algorithm for hyponatraemia. Reproduced from Rees L, Webb NJA, Brogan PA (eds) (2007). Paediatric Nephrology. Oxford
University Press.
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Table 13.5 Causes of hyponatraemia in ICU"

ECF volume status  Ur Na* <20mmol/L Ur Na*>20mmol/L

Normal - H,O excess, SIADH,
NSAID use, hypo-adrenal/
thyroid

Increased (oedema) Capillary leak syndrome, ~ ARF
low cardiac output,
hepatic failure

Decreased 3 space loss, Gl loss, Polyuric phase of ARF,
burns osmotic diuresis, CSW

AREF, acute renal failurgi SIADH, syndrome of inappropriate ADH secretion; CSW, cerebral
salt wasting, Ur, urine. Webb N, Postlethwaite R (2003). Clinical Paediatric Nephrology, 3¢
edn. Oxford University Press.

o Causes of hyponatraemia can be grouped by assessment of
extracellular fluid volume status and urine Na*

o Measurement of fractional excretion of sodium and water, and urinary
osmolality help in the diagnosis

o More than one cause may coexist (e.g. SIADH and CSW in head injury)

o SIADH (Ed p.685).

Oedema (see Box 13.5)

Box 13.5 Mechanisms of oedema

Movement of fluid across the capillary wall endothelium depends on:
o The nature of the molecule i.e. its size, charge, water and fat solubility
e The balance of forces across the capillary wall

o The permeability of the capillary wall.

Water and water-soluble molecules (NaCl, glucose) pass across the
capillary membrane with greater ease than large molecules such as pro-
teins (albumin) or gelatins (gelofusine). This movement produces a low
protein filtrate that we refer to as interstitial fluid. This is the extracel-
lular fluid that sits in is outside the vascular compartment.

The balance of forces affecting fluid distribution across the capillary
membrane was identified by the British physiologist Ernest Starling
in 1896 and still stand true today. He described the balance between
hydrostatic forces [capillary hydrostatic pressure (P.) — interstitial fluid
hydrostatic pressure (P;)], forcing fluid out of the capillary and the
osmotic forces [capillary colloid osmotic pressure () — interstitial fluid
colloid osmotic pressure (m)], sucking fluid into the capillary. Thus:

Flow of fluid = k [(P— P)) — o (1t — ;)]

where k is a filtration coefficient and o is the coefficient that represents
the permeability of the endothelium.
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Box 13.5 Mechanisms of oedema (Continued)

Capillary hydrostatic pressure falls from approximately 30mmHg at the
arterial end (forcing fluid out of the capillary) to about 15mmHg at the
venous end of the capillary. The pulmonary circulation has lower cap-
illary pressures. These pressures are also slightly lower in infants and
smaller children. Capillary colloid osmotic pressure (oncotic pressure) is
generated by the ‘pull’ of intravascular protein and is normally 25mmHg.
Interstitial colloid osmotic pressure is about 10mmHg.

In health the volume of fluid leaving the capillary exceeds that absorbed
by a small amount. This excess is absorbed by the lymphatics, resulting
in lymph.

When capillary filtration exceeds lymphatic drainage there is an excess
of interstitial fluid and oedema results. In ICU this is commonly seen
in the peripheral subcutaneous tissues, the lungs (pulmonary oedema),
in the pleural space (effusion), and abdominal (ascites) and pericardial
spaces. Oedema may reflect disease severity but also impairs oxygen
and nutrient delivery from the capillary to the cell.

From Starling’s equation we can see that oedema may result from 3 causes:

o 1 capillary pressure (P.), e.g. in right heart failure, fluid overload or in
dependent oedema

e | colloid osmotic pressure (7.); when there is a fall in plasma protein,
e.g. malnutrition (dintake), nephrotic syndrome (protein loss),
hepatic failure (reduced synthesis)

o 1 capillary permeability (¥ o); in diseases of inflammation circulating
cytokines can cause massive and widespread capillary leak, e.g. SIRS,
MODS, sepsis (see Ll p.576). In these conditions the oedema is
usually high in protein content (>30g/L)

Additionally oedema may result from reduced lymphatic flow, e.g. following
surgery to lymph node groups or in tropical filariasis (nemotode disease).

Pulmonary oedema

Pulmonary oedema occurs when pulmonary lymphatics become

exhausted—initially interstitial oedema occurs but this progresses to

alveolar oedema with accompanying reduction in compliance and intra-
pulmonary shunting. Classic signs are dyspnoea and hypoxaemia.

Pulmonary oedema may be either:

o Cardiogenic: myocardial dysfunction or inadequate emptying of left
ventricle or atrium leads to subsequent increases in left ventricular
end-diastolic pressure, left atrial pressure, and pulmonary venous
pressure resulting in *pulmonary capillary pressure and pulmonary
oedema. Causes include left ventricular outflow tract obstruction,
myocardial ischaemia and mitral valve stenosis and regurgitation.
Apart from correcting defects the mainstay of treatment is afterload
reduction and inotropy to reduce capillary pressures.

o Non- cardiogenic: this mainly due to tcapillary permeability and is seen
in ARDS and pneumonia.

(Neurogenic pulmonary oedema has a cardiogenic origin in that it is due
to severe vasoconstriction secondary to massive catecholamine release
following head injury.)
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Hypernatraemia: Na* >150mmol/L

o Results from either:
* Water deficiency (more than sodium loss)
* Sodium excess (more than water gain).

Causes (Table 13.6)
o Loss of water (more than sodium):
Gl water loss
Insensible water loss (fever, hyperventilation, burns)
Diuretic therapy
Hyperglycaemia (osmotic diuretic)
Renal disease
Diabetes insipidus
e Sodium excess (more than water):
¢ Excess ingestion—including salt poisoning, MSBP, iatrogenic
(IV fluids or salt containing drugs)
» Near-drowning (seawater)
* Cushing’s syndrome
e Conn’s syndrome

Management

e Targeted history focusing on causes (diarrhoea and vomiting, head
injury, thirst and polyuria, milk formula use) and any neurological
symptoms

e Clinical signs of dehydration may be masked as ECF volume is
protected by the high Na*

o Order baseline tests: glucose, urea & creatinine, urine electrolytes and

osmolality, FBC, blood gas

Either cautious rehydration with 0.9% saline where dehydration is

evident (48-72h for deficit replacement) or diuretics in salt excess

(but replace water). Aim for a slow fall of Na* at 0.25mmol/L/h

o Specific replacement of ADH is indicated for central or neurogenic
diabetes insipidus (EH p.683)

e Resistance to replacement therapy suggests a nephrogenic cause.

Table 13.6 Causes of hypernatraemia in ICU (all figures in mmol/L)

Urine sodium Urine osmolality

<800 Variable >800
<20 _ _ Gl water loss
Variable Diabetes insipidus _ dwater intake
>20 Hyperglycaemia _

>75 tNa* intake
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Hypokalaemia: serum K* <3.5mmol/L

e Ensure sample not contaminated

o If K" <2.5mmol/L ECG changes normally evident (ST depression + U
waves).

Causes
o Inadequate intake (typically in PICU patient in IV fluids)
e Potassium loss:
« Gl
* Diuretic therapy
* Hyperglycaemia (osmotic diuretic)
* Renal disease
* Cushing’s syndrome
» Conn’s syndrome
e Movement of potassium into cells:
* Acidosis correction
* Insulin use
* B, agonist use.

Management
o Assess for alkalosis by a blood gas. Where present this should also be
treated—KCl therapy may be used as a source of both K* and Cl™in
the setting of diuretic-induced alkalosis
e Assess need for urgent correction of deficit:
* |s the child symptomatic (cardiac arrhythmia, severe muscle
weakness or ileus)?
» Or at risk (congenital heart disease, myopathy, severe illness)?
e Urgent replacement—use high strength KCl via a central line in
aliquots of 0.5mmol/kg over 1h then recheck K*
A\ Do not give boluses of potassium solutions
o Non-urgent enteral supplements (preferred) and/or parenteral
replacement by peripheral IV with K* additives in maintenance fluid
(max concentration 40mmol/L)
e Elucidate cause by considering depletion (diet, renal or gut loss) or
redistribution (alkalosis, thyrotoxicosis, familial paralysis).

Hyperkalaemia: serum K* >5.5 mmol/L

Normal ranges for K* higher in infants who also tolerate hyperkalaemia
better than older children.

o Ensure sample not haemolysed

e Stop exogenous administration of K*

o Elucidate causes: consider sources of and evaluate renal function.

Causes
e Excess K* (TPN, blood transfusion, supplements)
e Acute renal failure
o Cell destruction:
e Tumour-lysis syndrome
» Rhabdomyolysis
* Acute burns
e Trauma—crush injuries
o Congenial adrenal hyperplasia
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o Addison’s disease
e Drugs
e Movement of potassium out of cells
» Haemolysis during/after sampling — artefactually high K*
* Acidosis
¢ Insulin deficiency (DKA) — but total body sodium often depleted.

Management
e Hyperkalaemia necessitates ECG monitoring—if K* >6.5mmol/L
ECG changes normally evident (long PR + peaked T waves)
o [f arrhythmia present give calcium gluconate 10%. 0.5-1mL/kg over
5-10min (Ytoxic effect and stabilizes myocardium)
e |f no arrhythmia, start with salbutamol. IV 4mcg/kg over 10min or
nebulized (5mg >10kg; 2.5mg <10kg); (shifts K into cells)
o Sodium bicarbonate 8.4% 1-2 mmol(mL)/kg over 30min
o Glucose and insulin:
* Bolus 0.1units/kg insulin with 2mL/kg 50% glucose
or
* Infuse 1g/kg/h glucose (i.e. 5SmL/kg/h 20% glucose or 10mL/kg/h 10%
glucose) with
e Insulin infusion 0.1unit/kg/h
* Monitor blood glucose every 15min for first hour, then hourly
thereafter
* Watch for late hypoglycaemia
e Calcium resonium 1g/kg orally or rectally with oral lactulose
o Consider renal replacement therapy.

Calcium, magnesium, and phosphate

These ions affect cardiac function and need to be monitored closely in the
perioperative period of cardiac surgical cases. They are also important for
skeletal system repair and growth.

Calcium

e Total Ca?" lab values, corrected for albumin, should be 2.0mmol/L.

e lonized Ca?" (normal 1.0~1.5mmol/L) is not age or albumin dependent.
It is affected by acid—base status (* by acidosis and + by alkalosis).

A\ Use ionized Ca2* as the guide to treatment rather than total or corrected
total—threshold for IV calcium supplementation should be <0.7 unless
symptomatic or using as a vasopressor

Hypocalcaemia

o Likely to be triggered as a result of a convulsion or the presence of
tetany, the clinical hallmark of hypocalcaemia

o Difficult to give an exact figure at which emergency intervention is
required but serum calcium concentrations below 1.7mmol/L (ionized
calcium <0.7mmol/L) are likely to be associated with problems.

Management

o Get adequate venous access in a large vein. IV calcium is very corrosive
and may cause serious extravasation injury

e Commence slow IV injection of 10% calcium gluconate (1-2 mlL/kg
(9-18 mg elemental calcium/kg or 0.225 —0.45mmol/kg)) over 3h with
ECG monitoring
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o Repeat every 6-8h whilst symptoms persist

e May need longer continuous infusion as total body calcium may be low

e Maintenance therapy with 0.5-1.0g elemental calcium per day and at
the same time, start treatment with oral vitamin D (calciferol) 15001U/
day in neonates or 30001U/day in older children

e Do not use 1a-hydroxyl-cholecalciferol at this stage, or until definitive
diagnosis has been made

e Low Mg?* can cause hypocalcaemia—treat Mg?* to prevent recurrence
of hypocalcaemia

A\ Calcium chloride and gluconate formulations contain different amounts
of Ca2*. Both are irritant to veins (gluconate milder).

Hypercalcaemia causes tachyarrhythmias, hypotonia, coma and seizures.
e Seen in Williams syndrome (L p.777) and volume depletion
e Treated by volume expansion and loop diuretics or haemofiltration

if severe.

Magnesium

e Normal plasma Mg?* 0.7-1.0 mmol/L

e Mg?* and Ca?" absorption are linked

o Low Mg?" levels are pro-arrhythmic

e |onized fraction is the active fraction (like calcium) but not routinely
measured in most centres.

Hypomagnesaemia

Causes

o | Intake

o 1t Renal losses:
* Drug induced: diuretic-induced losses commonest cause on PICU
* Aminoglycosides, amphotericin and others
 Acute renal failure (polyuric phase)

e Poor Gl absorbtion/ tGl losses (diarrhoea, laxatives)

e Endocrine causes: i.e. hypoparathyroidism; hyperthyroidism.

Management

e If urgent give 0.2mmol/kg IV over 10min (0.1mL/kg of 50% magnesium
sulphate diluted 5x with 0.9% saline)

o Neonates may be given 0.4mmol/kg, appropriately diluted and given
slowly

o Smaller doses of 0.1mmol/kg are used in treating torsade de pointes
(polymorphic VT), pulmonary hypertension and acute severe asthma
(nebulized or IV).

Hypermagnesaemia

o Rarely seen except in renal failure and when given therapeutically
(see earlier).

o Leads to muscle weakness and coma but not until very high levels are
reached—often t to 2-3mmol/L in setting of Mg?" treatment for
pre-eclampsia, asthma etc.
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Phosphate
e Serum PO7 varies with age and acid-base (1 in infancy and acidosis)
o Keeping level >1.0mmol/L helps cardiac function and bone growth
o {in:
¢ Critical illness
* Starvation/poor intake
¢ Diuretic and renal replacement therapies
e Parenteral nutrition
* Hyperparathyroidism
e Accumulates in renal failure and haemolysis
e Hypophosphataemia - muscle weakness (rarely apparent clinically)
o Low levels are treated with 0.5mmol/kg over 10h (over 1h if urgent) as
TmL/kg of 13.6% potassium acid phosphate diluted x10 with 0.9% saline
(this also gives same dose of potassium).
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Acid-base balance

Acid-base disorders are common in PICU patients. Acidosis, both meta-
bolic and respiratory, are the hallmarks of multiple organ failure and seen
in sepsis, trauma, and postoperative patients (particularly cardiac surgery)
as well as in renal, metabolic, and endocrine conditions. Both respira-
tory and metabolic alkalosis also occur with regularity in PICU. Thus it is
important that the intensivist not only understands the underlying proc-
esses involved in acid-base disorders but can apply this to managing the
conditions properly. This is vital as there is good anecdotal and research
based evidence that misinterpretation and consequent mismanagement of
acid-base disorder is common in hospital medicine.

Key points

e Regulation of normal extracellular pH (7.4) and intracellular pH (7.0) is
vital for organ function in the long term

e Apart from in primary metabolic disorders (see Ll Chapter 33)
most acid-base disorders in PICU should be viewed as a complex
physiological response to a underlying pathological abnormality

o Despite some controversy in mechanisms it is best to approach
acid-base disorders via the principles of pH/PaCO, relationship
(Henderson—Hasselbach equation), calculation of the base excess (BE)
and the anion gap (AG).

Box 13.6 Some history

‘Acid’ derives from the Latin acidus which means sour. Sorensen first
suggested pH terminology in 1908 and Hasselbach used this to describe
the Henderson—Hasselbach equation in 1916. By 1920, Bronstead and
Lowry had independently described acids and bases as proton (H*ion)
donors and acceptors respectively. Acid—base examination really came
to the forefront following the Copenhagen polio epidemic of 1952 when
Astrup began measurement of PaCO, and pH on ventilated patients.
Later, in Copenhagen, Siggard—Andersen introduced the concept of
base excess and by 1962 had published the normogram that interpo-
lated PaCO,, bicarbonate and BE. Despite some disagreement between
the ‘Boston school’ (‘standard BE’) and Copenhagen about whether
BE should be calculated for whole blood or ECF (‘the great transat-
lantic debate’), the use of BE has now been generally accepted in ICU
medicine. To further complicate matters a Canadian physiologist Peter
Stewart introduced a physicochemical approach known as ‘strong ion
difference’ in the 1980s which challenges some previously held views.

Physiological principles

Acid production

As a fire makes smoke metabolism makes acids. Acids are primarily:

o Respiratory acid: CO, which is excreted via the lungs. This combines with
H,0 to produce H,CO; which dissociates into HCO3 and H* ions.
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o Metabolic acid: fixed organic acids (not excreted by lungs) which
dissociate into anions™ (A7) and H* ions and are excreted in the urine.
* Lactate from carbohydrate metabolism
» Ketoacids (acetoacetate and 3 hydroxybutyrate) from fat
metabolism
 Phosphates and sulphates from protein metabolism.

Acid-base regulation

For acid-base balance the amount of acid excreted must equal the acid

produced. The body has 3 processes to regulate acid—base balance:

o Immediate buffering: the body has a huge capacity to buffer via the
process: A~ + H* - HA. Thus a Tmmol/L fall in A~ requires 10°
nanomol/L (Tmmol/L) of H* ions to be ‘mopped’ up by another
buffer. The main buffers are bicarbonate (HCO3), plasma proteins,
haemoglobin and phosphates

o Immediate respiratory response: H* ions stimulate chemoreceptors to
increase ventilation and more CO, is excreted (lowering PaCO,) as
follows:

H*+ HCO3 «» H,CO3 «» CO, + H,O

o Slow renal response: the kidney reabsorbs filtered bicarbonate ions
(raising plasma HCO3) and excretes fixed acids in response to
respiratory acidosis. Plasma bicarbonate is reduced in alkalosis.

This response takes between 12h and several days.

Definitions

e Acidosis is an abnormal process or condition which would lower
arterial pH if there were no compensatory response

o Alkalosis is an abnormal process or condition which would raise
arterial pH if there were no compensatory response

o Acidaemia is arterial pH <7.35. Can cause hyperkalaemia as potassium
exits cells to preserve transmembrane potential

o Alkalaemia is arterial pH >7.45. Associated with hypokalaemia due to
potassium movement into cells

o In mixed acid-base disorders coexisting disorders may have opposite
effects on pH. Generally the most severe disorder dictates the pH.

Box 13.7 pH and hydrogen ions

H* concentration ([H'] is expressed in nanomol/L, i.e. a millionth of a
mmol. Thus the concentration of Na*, Cl*, K*, and other strong ions
are a factor of a million times more concentrated in ECF and ICF than
H*. Due to the scale of this, the [H*] is routinely expressed as the
negative logarithm (base 10) of [H*].

e pH 7.4 corresponds to [H*] 40nmol/L

e The normal range for pH is 7.35-7.45 ([H*] 45-35nmol/L), i.e. the
change in [H*] is only 10nmol/l-this is an indication of how tightly
controlled [H*] is in normal daily processes, e.g. exercise

Due to the logarithmic nature of pH; at the acidotic end of the

scale, the change in [H*] is much higher than at the alkalotic end.

i.e. pH7.1= 80nmol/L [H*]; pH 7.7= 20nmol/L. A drop in pH from

7.4 to 6.8 involves a 6-fold increase in [H+].

e For conversion of pH to [H*] see 1 p.867.
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Acid-base disorders
o Respiratory acidosis:
* Ph <735
e PaCO, >5.5KPa
* Metabolic compensation through renal bicarbonate retention.
Expect calculated BE and HCOj to be high.
o Respiratory alkalosis:
e pH>7.45
¢ PaCO, <4.5kPa
e Normal calculated BE and HCOs.
o Metabolic acidosis:
* pH <735
» PaCO, < 4.5kPa in compensation (unless unable to do so because
on ventilator)
 High negative BE (base deficit) and low HCO;.
o Metabolic alkalosis:
e pH>7.45
e PaCO, >5.5kPa in compensation
* Expect high BE and HCO;. Watch for confusion with compensated
respiratory acidosis when pH should be near normal.
e Mixed disorders: must be viewed in clinical context and occur when
compensation is incomplete.

Box 13.8 How to classify acid-base disorders

Acidaemia

o Step 1: confirm pH <7.35

e Step 2: what is PaCO5?
e PaCO; <4.5kPa i.e. low or normal indicates primary metabolic

acidosis

* PaCO; 25.5kPa i.e. high indicates primary respiratory acidosis

o Step 3: the pH will determine whether this is an acute (low pH) or
chronic (normal pH).

Alkalaemia
o Step 1: confirm pH >7.45
e Step 2: what is PaCO3?
* PaCO; normal or high (=5.5kPa) indicates primary metabolic
alkalosis
* PaCO; low (<4.5kPa) indicates primary respiratory alkalosis.
e Step 3: again the pH dictates acute (raised pH) or chronic (normal pH).

Mixed disorder
o |f pH normal:
* PaCO, high indicates mixed respiratory acidosis/metabolic
alkalosis
* PaCO, low indicates mixed respiratory alkalosis/metabolic
acidosis.

Further examination of acid-base status

There are 3 accepted models for quantifying acid—base status in common use:
e Bicarbonate/PaCO, relationship, i.e. Henderson—Hasselbach equation
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e BE and AG calculation
e Stewart’s quantitative approach, i.e. strong ion difference.

Bicarbonate/PaCO,

o CO,is directly measured in blood gas analysers

e CO, combines with water to form carbonic acid which can dissociate:
e CO; + HyO «» Hy;CO3 +» H'+ HCO3

e Bicarbonate (HCO3) is not directly measured but is calculated from
the Henderson—Hasselbach equation:
* pH = pK + Log;o[HCO3]/[CO,]
» Kis the equilibrium constant (6.1)

e The normal range for bicarbonate concentration [HCO3] is
18-26mmol/L but can be lower (12-16mmol/L) in preterm babies.

Base excess

e The BE is a single calculated variable that is used to quantify the
metabolic (non-respiratory) component of a patient’s acid—base status

o BE is defined as the quantity of alkali (bicarbonate) required to titrate
blood to a pH of 7.4 with a fixed PaCO, of 5.3kPa (i.e. normal) at 37°C.
In practice this is calculated from the Siggard—Andersen normogram by
most modern blood gas analysers

o A negative BE (base deficit)implies metabolic acidosis

o A positive BE implies metabolic alkalosis

o Standard BE refers to the BE of ECF (Boston school) as opposed to BE
of blood (Copenhagen).

Anion gap

o This is a parameter used to establish the cause of a patient’s metabolic
acidosis, i.e. is the underlying problem:
« Secondary to accumulation of unmeasured anions and thus H* ions?

i.e. raised AG

or
* Secondary to accumulation of chloride ions (Cl)? i.e. normal AG

o |n order to maintain electrical neutrality anions must balance cations:

Thus [Na*] + [UC™] = [CIT] + [HCO;3] + [UA*]
(where UC are unmeasured cations and UA are unmeasured anions)
AG=UA-UC

Therefore AG = ([Na]+[K]) — ([CI+HCO;3])
o Normal AG is 8—16mmol/L. If this is clearly raised, i.e. 220mmol/L, then
this represents significant unmeasured anions in plasma/ECF
o Raised AG metabolic acidoses include unmeasured anions from:
 Organic acidosis: most commonly lactic acidosis in shock states but
also includes ketoacidoses in diabetes
« Sulphates and phosphates accumulated in renal failure
* Poisons, e.g. ethanol, methanol, salicylates, ethylene glycol
e Normal AG metabolic acidoses may be from either bicarbonate loss
(e.g. from diarrhoea, upper Gl losses or renal tubular acidosis) which
leads to renal chloride retention or exogenous chloride administration
(see ‘Stewart’s approach or strong ion difference (SID)’).
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Box 13.9 Urinary AG

To differentiate between bicarbonate loss from kidneys and Gl tract
(GIT) one needs to calculate the urinary AG (UAG) from urine electro-
lytes: Again to preserve electroneutrality

Cl+ UA = Na* + K* + UC

where UA are unmeasured anions, e.g. phosphates and sulphates and
UC are unmeasured cations eg Mg?* and CaZ*

UAG = UA — UC = ([Na]+[k] - [Cl])

o Positive UAG implies renal HCO; loss, e.g. renal tubular acidosis
o Negative UAG implies GIT HCO; loss.

e The AG needs to be corrected for hypoalbuminaemia:
* Normal albumin is 40g/L
» Albumin gap = 40— measured albumin
* Corrected AG = AG + albumin gap/4
» For example: in a child with an albumin of 18g/L and an apparently
high/normal AG of 15, the corrected AG= 15+(40-18)/4 = 20.5
which is significantly raised.

Stewart’s approach or strong ion difference (SID)

Like the AG this model applies the laws of electrical neutrality to the

study of acid-base, i.e. anions must balance cations

e This approach acknowledges that the variables CO, and HCO; used in
the Henderson—Hasselbach equation are in fact entirely dependent on
each other via carbonic acid dissociation, and thus cannot be seen as
independent variables. In short, in the SID model the role of HCO; in
metabolic acidosis/alkalosis is questioned and thus ignored

o In this model acidosis is secondary to changes in 3 independent
variables:
* PaCO,, i.e. respiratory acidosis
+ Total weak non volatile acids known as ATOT
» SID
o ATOT is mainly represented by albumin, plasma proteins, inorganic
phosphate and has a relatively minor effect on acid-base balance, but
hypoalbuminaemia can lead to mild alkalosis.
e SID = ([Na*] + [K*] + [Ca?*]) — ([CI"] + [unmeasured strong anions])
With normal protein levels SID is usually 40—42
e From this equation it can be seen that an increase in unmeasured

anions leads to a fall in SID (i.e. SID <40) and an increase in AG.

As a result, water dissociates to produce H* ions to preserve
electroneutrality. This results in a metabolic acidosis, i.e. the H*
response is as a result of the strong ion change rather than the primary
cause
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e Stewart’s theory is particularly useful in explaining the worsening
metabolic acidosis that is often seen with seemingly adequate fluid
resuscitation in PICU: i.e. when BE is significantly negative but the AG
is normal/mildly elevated. The cause may be due to hyperchloraemia
secondary to excess IV 0.9% normal saline administration. In this
situation the kidney excretes the sodium load but chloride is retained
and SID will fall. Switching fluids from normal saline (with a [Cl] of
154mmol/L) to Hartmann’s or Ringer’s lactate (with a [Cl] of 109—
111mmol/L) may be beneficial

. Unmeasured
160 Other Cations Anions\ 7G
h K
140 _ \ 7 Anion
SIDa gap
120 y
'SIDe HCO;
100 Lactate
80
" _
60 4 Na Cl
40
20
0 - -
Cations Anions

Fig. 13.3 Charge balance in human plasma according to Stewart’s strong ion theory.
SIDa, apparent strong ion difference; SIDe, effective strong ion difference; SIG,
strong ion gap. Reproduced with permission from Gunnerson, KJ, Kellum, JA (2003).
Acid-base and electrolyte analysis in critically ill patients: are we ready for the new
millennium? Curr Opin Crit Care 9: 468-73.

Box 13.10 Strong ions and weak smiles

Let’s be honest, many clinicians find Stewart's theory of SID embarass-
ingly difficult to understand, never mind use clinicially. We suggest
that a simple understanding of the theory is all that is required and
recommend that sticking with the tried and tested approach as described
in this chapter involving measurement of pH and PaCO,. Calculation
of base excess and corrected AG is adequate for almost all clinical
scenarios of acid-base disorder in PICU.
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anagement of acid-base disorders

‘Treat the patient not the blood gas.” Blood gas results must be interpreted

wi
lyi

thin the clinical context of the child. Generally treatment of the under-
ng condition improves the acid-base upset.

Respiratory acidosis

Usually occurs secondary to respiratory failure, e.g. ventilation
perfusion abnormalities, low compliance, tairway resistance,
Yrespiratory drive, airway obstruction, *dead space

In chronic setting metabolic compensation (provided renal function is
adequate) usually normalizes pH.

Pay attention to ABCs, i.e. intubate and ventilate if necessary and treat
underlying cause of respiratory failure

Heparin contamination of a gas sample can lower PaCO, and HCO;
measurements and can mask renally compensated respiratory acidosis.

Box 13.11 Approach to diagnosis and management of
metabolic acidosis

Key points

o o 0 - o

N

3

Attempt to identify the underlying cause by calculation of corrected
AG (and strong ion difference if indicated)

Most metabolic acidoses seen in PICU are lactic acidosis (with
normal plasma lactate—this only rises in more severe cases, [l see
p.90) secondary to shock (reduced oxygen delivery) or seizures
(toxygen consumption) and improves with attention to fluid
resuscitation and oxygen

Aim for target pH >7.25 if possible. Consider ventilatory support if
pH <72

Maintain supportive measures and organ support even in absence
of diagnosis until pH improves

Consider bicarbonate therapy if indicated (see Box 13.12).

Confirm diagnosis
Arterial pH <7.35
Base excess < -3mmol/L
Is PaCO, appropriate for acidosis? |.e. it is usually low when
hyperventilatory compensation occurs but is often high if there is also
a respiratory acidosis component or normal in ventilated paralysed
patients.
. Check blood and urine
Measure serum Na, K, Cl, urea, creatinine, lactate, glucose and
albumin
Check urine for pH, ketones
Calculate AG and correct for hypoalbuminaemia.
. AG >16 Consider clinical context and treat cause
Lactic acidosis—does this fit with clinical context? E.g. hypotension,
fluid/blood loss, myocardial dysfunction, septic shock, seizures etc.
Ketoacidosis

(Continued)
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Box 13.11 Approach to diagnosis and management
of metabolic acidosis (Continued)

Renal failure
If none of these consider underlying metabolic disease (see EHl p.701)
or poisoning.

4. AG <16 Consider clinical context and treat cause

Check chloride, is it raised?

Excess chloride from drugs, infusions

IBicarbonate loss from GIT

?Bicarbonate loss from kidneys (renal tubular acidosis) see p. 657,
Fig. 31.3.

Box 13.12 Buffer/alkali therapy

The use of buffers is common but lacks consensus on indications and
possible benefits.

Sodium bicarbonate 8.4% (1mmol/mL) is commonly used and may be
indicated by:

* Metabolic acidosis due to bicarbonate loss, e.g. diarrhoea, upper

Gl losses, renal tubular acidosis
« Specific treatment for drug overdose
* In severe acidosis (pH <7.1) and hypotension when inotropes
appear to be ineffective due to receptor dysfunction

Sodium bicarbonate may worsen intracellular acidosis, hypokalaemia
and hypocalcaemia. It may increase risk of cerebral oedema in
diabetic ketoacidosis

Sodium bicarbonate should not be given as rapid bolus but as slow
infusion (i.e. 1-2mL/kg/h of 8.4% sodium bicarbonate = 1-2mmol/
kg/h) and titrate to effect, i.e. target pH =7.2

Tham (tromethamine) is a sodium-free buffer that doesn’t generate
CO,. Despite its attractive qualities it has not yet been shown to
have clinical advantages over sodium bicarbonate. It has also been
linked with the adverse effects of hyperkalaemia, hypoglycaemia,

and apnoea.

Alkalosis

Disorders of high pH are classified into those resulting from excess
removal of CO, (respiratory alkalosis), and those resulting from loss of
non-volatile acids or accumulation of buffer (metabolic alkalosis).

Respiratory alkalosis

Hyperventilation from different causes leads to respiratory alkalosis

e This commonly occurs from excessive minute volume when a

patient is initially intubated and ventilated. It can be minimized from
monitoring early arterial gases or from use of EtCO, monitoring—
severe hypocapnia and respiratory alkalosis from overventilation can
significantly reduce brain perfusion and aggravate cerebral ischaemic
injury

Other causes include anxiety and central hyperventilation from brain
injury, encephalopathy, encephalitis, salicylate toxicity, hypoxia
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e Treatment consists of treating specific cause
e Further measures include reducing minute volume and/or introducing
dead space into the ventilator circuit for patients on ventilators

Metabolic alkalosis
o Often results from chloride depletion (secondary vomiting or loop
diuretic therapy)
o |t is rarely due to alkali administration, laxative, or diuretic abuse
e Both severe vomiting and diuretics can cause hypokalaemia and an
aggravating ‘paradoxical aciduria’ which worsens the alkalosis, as seen
in pyloric stenosis
o Standard rehydration with 0.9% normal saline and potassium
supplementation is usually adequate therapy
e Some causes of chloride depletion are resistant to replacement
therapy such as renal tubular defects (Barrter’s syndrome treated with
indomethacin) and mineralocorticoid excess (treated by steroid sparing
therapies)
e Administration of acid is only very occasionally needed for metabolic
alkalosis:
* 0.5ml/kg of 5.35% ammonium chloride into a central vein over
1h (do not give in liver impairment)
* In liver impairment use 5mL/kg of 100mmol/L hydrochloric acid into
a central vein over 1h.

Contraction alkalosis

This may occur when severe dehydration contracts the extracellular and
intravascular fluid spaces concentrating HCO;3 to give misleadingly normal
HCOj and pH values even when HCO; depletion is present. Additionally
ECF contraction leads to proximal tubular Na retention and thus K* and
H* loss in urine (‘again paradoxical aciduria’). Look out for signs of severe
dehydration, hypokalaemia or raised haematocrit to suggest diagnosis.
Treat with normal saline IV and K supplementation.

Further reading

Kellum JA (2005) Clinical review: reunification of acid-base physiology. Critical Care 9: 500-7.
Biomedi Central.

Taylor D, Durward A (2004). Pouring salt on troubled waters. Arch Dis Child 89: 411-14.
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Introduction

Renal replacement therapies play a vital role in modern PICUs. There is an
tmortality of up to 50% associated with the addition of acute renal failure
to respiratory failure. In some studies, ICU mortality can be reduced by
the early provision of renal replacement therapy.

There has been an increase in the use of continuous veno-venous haemo-
filtration (CVVH) and haemodiafiltration (CVVHD); however these are
not the only choices. Which to use should be a weighted decision based
on advantages and disadvantages as well as experience and availablilty of
each method. Indications for acute dialysis are given in Box 14.1.

Box 14.1 Indications for acute dialysis

Fluid overload

Pulmonary oedema

Congestive cardiac failure

Refractory hypertension

Hindrance to adequate nutrition
Oliguria following recent heart surgery
Oliguria during ECMO.

Symptomatic electrolyte or acid—base imbalances unresponsive to
other therapies

o Hyperkalaemia (K* >7.0)

e Hypo- or hypernatraemia

e Severe metabolic acidosis.

Toxins

o Uraemia (puritus, pleuritis, pericarditis, CNS symptoms)

e tCreatinine

e Hyperuricaemia

e Exogenous toxins: lithium, salicylate, ethanol, methanol, bromide
o Ethylene glycol, aminoglycosides

o Poisonings.

Inborn errors of metabolism (KX Chapter 33):
e Encephalopathy
e Hyperammonaemia.
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Peritoneal dialysis

Peritoneal dialysis (PD) is still widely used as a renal replacement therapy
for children. Although its role in PIC has diminished with the increase in
popularity and ease of use of CVVH and CVVHD, it still has a role to play,
particularly in the postoperative cardiac patient, where the placement of a
PD catheter can be done under direct visualization.

In PD, dialysate is introduced into the peritoneal cavity, where it dwells
for a set time. Water flows across the peritoneal membrane into the
hyperosmolar (sugar-rich) dialysate. The concentration of sugar in the
dialysate, the volume instilled, and the dwell time determine the amount
of fluid removed. Higher dialysate sugar concentrations, greater volumes,
and shorter cycle times * fluid removal. Solutes diffuse across the perito-
neal membrane from a higher to a lower concentration. Manipulation of
the concentration of solutes in the dialysate can be used to alter solute
removal.

Box 14.2 Advantages

e PD is widely available and technically easy to perform

o Arterial or central venous access and anticoagulation are not needed.

o Large amounts of fluid can be removed in haemodynamically unstable
patients; this allows other fluids (such as TPN) to be given

o Acid-base and electrolyte imbalance are corrected gradually with
less metabolic disruption

e PD access placement is relatively easy in children.

Box 14.3 Disadvantages

o Slow clearance of water and electrolytes
e Peritonitis (60% staphylococci, 20% Gram —ve organisms, <5% fungi)
o Risk of exit-site infection

o Catheter malfunction

e Hyperglycaemia (glucose in dialysis fluid)

o Interferes with respiration by splinting diaphragm.

Box 14.4 Contraindications

o Diaphragmatic hernia

e Omphalocoele

o Gastroschisis

o Possibility of intra-abdominal catastrophe
e Recent abdominal surgery

o Multiple adhesions

o Peritonitis

o Presence of VP shunt.
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What do you need?

o Peritoneal access

e Dialysis fluid

o A delivery system incorporating timer and measuring device
e Fluid warmer.

Peritoneal access

The best form of access is obtained by either surgical or percutaneous
insertion of a tunnelled double cuffed Tenckhoff catheter, with antibiotic
cover. In an ideal world these should not be used for 2 weeks (to reduce
the risk of leakage); however in the PICU setting this is rarely practical.

Catheter insertion on CICU
o A Seldinger technique is normally used. Trocar and catheter systems
have a risk of perforating abdominal contents and should be avoided
o Local/general anaesthesia or sedation will be needed depending on age
and cooperation of the patient.
e Appropriate consent should be taken
o Check for coagulopathy and ensure blood has been grouped and saved
in case urgent transfusion is needed
o Secure IV access should be in place before PD catheter insertion
e Site of insertion:
e Most commonly in the midline 1cm below the umbilicus
* Alternatively, an approach on the left side (usually), lateral to a line
drawn from the umbilicus to the anterior superior iliac spine, just
lateral to the rectus sheath
* Take care to ensure that there is no abdominal organ (such as an
enlarged spleen) beneath your chosen insertion site
» US guidance can be used to increase safety of placement
e Equipment:
« Sterile pack, skin prep, gloves (gown, mask, and hat), drapes
* PD cannula.
e 1% lignocaine, needles, and syringes
* Dialysate, giving set, and collection system.

Seldinger technique

o Ensure the bladder is empty (the patients and yours)

e Aseptic technique—gown and gloves.

o Prepare the PD lines and fluids

o Clean the area and drape the patient

o Infiltrate the area with lignocaine for local anaesthesia. Additional
sedation may be needed

e Make small skin incision, 0.5-1cm in length. Do not cut the muscle layer

e Insert a 22G cannula, perpendicular to the abdominal wall, and
directing the catheter down towards the pelvis. A ‘pop’ may be felt as
the peritoneum is entered. Advance the cannula over the needle.

e Some centres connect the cannula needle to the dialysate prior to insertion,
and observe the flow of fluid. Dialysate will not flow until the peritoneal
cavity is entered. At this point advance the cannula over the needle.

o for small infants and patients with very scaphoid abdomen, infusing
10mL/kg PD fluids to prime the abdomen before catheter insertion,
reduces the risk of traumatic puncture of underlying viscous



PERITONEAL DIALYSIS 241

Insert the guidewire through the cannula. Direct it towards the pelvis.
Undue force should not be necessary

Remove the cannula

Insert dilator over the guidewire and dilate the tract (not always
necessary in smaller patients and with some systems)

Insert the PD catheter over the guidewire

Remove guidewire, suture PD catheter in place

e Secure the catheter

o Connect the catheter to the PD lines

o Allow fluid to run in and check catheter patency

e Observe PD drainage for presence of blood or faeces.

Box 14.5 Complications of insertion

Potential complications of catheter insertion include:
o Bowel perforation,

o Perforation of abdominal organ (spleen/liver)
o Bleeding

o Leakage of PD fluid

e Mechanical obstruction

o Infection.

As with all practical procedures experience reduces complications.

Dialysis fluid

In PD the peritoneum acts as the semi-permeable membrane, allowing
3 forces—diffusion, convection, and osmosis—to play a role in fluid and
solute transfer. The dialysis fluids use glucose as the main osmotic agent
(Table 14.1). The higher the glucose concentration the higher the fluid
removal; however due to absorption of glucose into the body, this can
lead to hyperglycaemia. The dialysate glucose concentration should be as
low as possible to achieve the required fluid removal.

Table 14.1 Typical peritoneal dialysate fluid composition

Glucose 1.36% 2.27% 3.86%
Osmolality 340mOsm/L 385mOsm/L 465mOsm/L
Na* 132-135mmol/L

Ca** 1.75mmol/L

Mg** 0.5-0.75mmol/L

cr 102-105mmol/L

Lactate

or

HCO3 35-40mmol/L
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The dialysate is either buffered with bicarbonate or lactate. In general
there has been a trend to using bicarbonate solutions, as they can be used
in liver failure, lactic acidosis, and reduce infusion pain.

The dialysate fluid can be used as an effective method of temperature
control. The fluid is normally heated to 37°C; however a lower tempera-
ture provides an efficient method of central cooling.

Delivery system

This can be as simple as a connecting the dialysis fluid to a burette then to
the catheter via a 3-way tap, with the 3™ connection to a waste bag with
a measuring device inbuilt. It must all be sterile at all times. There are also
automated systems to simplify the process for the user, although these
are generally unable to go below 100-mL fill volumes.

Cycles and fluid volumes

Volumes

The starting volumes should be 10-15mL/kg, which can be slowly t to a
normal maximum of 30mL/kg. Higher volumes may sometimes be toler-
ated, up to 50mL/kg.

The larger the volume the more diffusion can occur and thus tefficiency
of the dialysis; however, the larger the volume the more likely respiratory
compromise, cardiovascular instability, and exit site leakage.

Cycles

The filling usually occurs over a 10-min period and then a dwell of
30-60min, followed by draining period over the next 10min. Cycle times
should be adjusted to achieve the desired effect. If fluid is still draining after
10min, drainage should be continued until it is minimal. If fluid removal is
the main aim dwell times can be reduced. In neonates the response to
dwell time varies considerably.

Cross-flow

In situations where large volumes of dialysate in the abdomen cannot be
tolerated it is possible to insert 2 PD catheters, normally on opposite
sides of the abdomen, allowing 1 to be used to fill and the other to drain.
The fill volumes are the same; however, it is infused over 1h and drained
at the same time. Cross-flow is less efficient than cycled PD.

Additives

PD fluid can be added to if necessary, in particular it is common to add
heparin to prevent fibrin deposits (be careful of systemic absorption
which may rarely occur), antibiotics to prevent or treat peritonitis, and
potassium to prevent hypokalaemia. Dose as shown in Table 14.2.
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Table 14.2 PD fluid additives and dose

Cefuroxime 125mg/L
Vancomycin 30mg/L
Ceftazidime 125mg/L
Teicoplanin 20mg/L
Cefazolin 125mg/L
Tobramycin 8mg/L
Heparin Max. 500U/L
Potassium Max. 5mmol/L
Peritonitis

Peritonitis is a major concern in PD as it can be life threatening. It is
very rare in the setting of acute PD although more common in patients
requiring long-term PD for end-stage renal failure. The standard symp-
toms of pain, fever, and cloudy PD fluid do not have to be present. The
antibiotics can be added to the PD fluid at the doses shown in Table 14.2.
The choice should be based on local policy and ultimately on bacterial
sensitivities, in discussion with a microbiologist. Our current regimen is:
o MRSA-negative:
* Load with tobramycin (16mg/L) and cefuroxime (500mg/L)
 Subsequent maintenance doses as Table 14.2
* Dwell times 6h
o MRSA-positive:
¢ Load vancomycin (500mg/L) and cefuroxime (500mg/L)
» Subsequent maintenance doses as Table 14.2
* Dwell times 6h
e Remember to take drug levels initially at 48h
e Total treatment duration is 2 weeks except for S. aureus and
Pseudomonas which should be 3 weeks
o [f infection persists or reoccurs catheter removal may be necessary
o Fungal peritonitis can occur with few signs and often necessitates
catheter removal and fluconazole treatment.

Leakage

This is more common in the acute PD catheters and it greatly increases

the likelihood of infection.

o Ensure catheter cannot move at entry site

o Apply pressure dressing to site. Remember to weigh prior to
application, in neonates, to allow calculation of fluid balance

o Purse string suture around catheter

e Consider a new catheter if leakage continues.
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Troubleshooting (see Table 14.3)

Table 14.3 PD: troubleshooting

Problem Cause Solution

No/reduced Clamped or kinked  Unclamp or un-kink lines

flow on drain. lines or catheter
Fibrin blockage. Flush catheter with heparin and
Omentum NaCl and add heparin to bags.
Position of Reposition patient
catheter

obstructing drain

Fluid may have Clamp Ureofix clamp. Perform
fully drained out 1 cycle with no dwell time, observing
straight into closely for signs of over filling
drain bag
More fluid Increase strength Use higher strength bag
removal of dialysis fluid

NB: try using a mix of 2 strengths as

eI opposed to going straight to a higher
strength
Decrease dwell Shorten the length of time the
times dialysate stays in the patient
This can increase the fluid removal
but can also have an effect on solute
removal.
Increase fill Increasing the amount of fluid going
volumes into the patient can sometimes
increase fluid removal but should be
done cautiously.
This will also increase the solute
removal.
Too much Decrease the Use a weaker strength bag
fluid being glucose : ; ;
removed concentration NB: try using a mix of 2 strengths
Lengthen the Leaving the dialysate in the patient
dwell time for longer will remove less fluid.
More clearance  Urea Longer dwell times are required to
of waste and remove more urea.
electrolytes
required Potassium Shorter dwell times are required to

remove more potassium

Continuous dialysis can cause
hypokalaemia requiring the addition
of potassium to the PD fluid
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Table 14.3 PD: troubleshooting (Continued)

Problem

Cause

Solution

Sodium

Sodium should be lowered slowly to
avoid any adverse effects. Tmmol/h is
a safe reference to use

Very hypernatraemic patients should
have sodium chloride added to the
dialysate to avoid lowering levels
too quickly

Calcium

Calcium contents of the unit
prepared solutions can be adjusted
to remove more if required

Pre-made solutions are available
with different calcium concentrations
ranging from 0-1.75mmol/L

Creatinine

Creatinine is not removed very well
during short dwell peritoneal dialysis.
It is however, a useful indicator

of kidney function and should be
observed in the acute setting for any
improvement

Pain on infusion

Internal position of
catheter

Tidal dialysis can be tried in order
to keep a pool of fluid in the
peritoneum to float the catheter

Change patient position

Reposition catheter (acute only)

Intra-abdominal
pressure

Reduce fill volume

Try cross flow dialysis

Air under diaphragm  Normal corrects over 30min
Analgesia
Try cross flow dialysis

Pain on outflow

Internal position of
catheter

As for pain on infusion

Breathlessness

Intra-abdominal
pressure

Reduce fill volume

Cross flow dialysis

PD fluid passing
into chest to cause
a pleural effusion.
Can be confirmed
by documenting
high glocose
concentration on
fluid drained from
chest

Change to CVVH/CVVHDF or
intermittent HD

265
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Continous veno-venous filtration and
haemodialysis (CVVH, CVVHD, and
CVVHDF)

Principles
e In CVVH (Fig. 14.1):

* Blood flows down one side of a highly permeable membrane

» Water and small molecules (<20,000 daltons) pass across it
(ultrafiltrate) from an area of high to low pressure
This occurs because of convection—the flow of fluid across the
membrane drags solute particles along with it
Plasma proteins and cells are too big to pass across the membrane
The ultrafiltrate is removed and replaced by a physiologically
appropriate replacement solution
The higher the volume of ultrafiltrate, the greater the solute

clearance.
HAEMOFILTRATION
Replacement
fluid
Anticoagulant u
Convection
Blood from patient + solvent drag Blood to
o patient
+ ultrafiltration

o/

Ultrafiltrate

Fig. 14.1 Continous veno-venous haemofiltration. Reproduced from Singer M,
Webb AR (2009). Oxford Handbook of Critical Care, 3" edn. Oxford University Press.

e In CVVHD:
* Blood flows down one side of a highly permeable membrane
* Dialysate flows past the other side of the membrane in the opposite
(counter current) direction to the blood
» Small molecules pass across the membrane down the concentration
gradient at a rate inversely proportional to their molecular weight
 This occurs because of diffusion—the movement of solute is
dependent upon a concentration gradient.
o In CVVHDEF (Fig. 14.2):
* Blood flows down one side of a highly permeable membrane
» Water and small molecules (<20,000 daltons) pass across it
(ultrafiltrate) from an area of high to low pressure
* Dialysate flows past the other side of the membrane in the opposite
(counter current) direction to the blood
» Small molecules pass across the membrane down the concentration
gradient because of diffusion— the movement of solute is
dependent upon a concentration gradient.
* Thus CYVHDF combines diffusion and convection.
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HAEMODIAFILTRATION Replacement
fluid
Anticoagulant
Diffusion
. Blood to
Blood from patient + ultrafiltration patient
Dialysis fluid

Dialsate + ultrafiltrate

Fig. 14.2 Continuous veno-venous haemodiafiltration. Reproduced from Singer M,
Webb AR (2009). Oxford Handbook of Critical Care, 3" edn. Oxford University
Press.

What do you need?
o Access

o Filter

e Pump

e Fluid

o Fluid warmer

e Anticoagulation.

Access

In most cases double lumen lines are used, but occasionally 2 single lines
can be used in cases of low flow rate, or low weight. In general the bigger
the better (see Table 14.4). Even with a large cannula, there can be flow
problems and these can often be improved by rotation, slight retraction
of the cannula, or swapping venous/arterial connections. Insertion can be
made more successful with US guidance.

Table 14.4 Weight to cannula size

Weight (kg) Size (FG)
<3 5
3to 10 6.5
10 to 20 8
20 to 50 11
>50 12
Filter

Which filter to use is partly dependant on the machine to be used. In
general the filter surface area should not exceed the patient’s and the
total circuit volume should be <10% of the patient’s circulating blood
volume. Exceptions can be made, in particular when using ECLS.
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The filter materials vary with manufacturer, and these can have conse-
quences; i.e. unsurface treated AN69 membranes are associated with the
bradykinin release syndrome. This means anyone starting filtration should
be aware of the possible side effects of their filter membranes

Priming of the filter and circuit, following local guidelines, can be started
while the catheter is being inserted, as even with modern machines this is
time consuming.

Most manufacturers recommend changing the circuit after 72h.

Pump

At its most basic this could be a volumatic pump; however this produces
a high degree of inaccuracies, and thus has been generally replaced with
fully automated weight controlled machines. These have the additional
advantages of error control and data gathering. These machines have to
be specified to allow slow pump speed for use in children.

Fluid

As with PD, fluid can be found buffered with lactate or bicarbonate
(Table 14.5). In PICUs bicarbonate has become the first choice as lactate
is often one of the waste products renal replacement therapy is com-
menced to remove. Electrolyte concentration may need to be changed to
meet the clinical need; i.e. adding sodium if the patient is extremely hyper-
natraemic (Na >160) to reduce the speed of sodium reduction.

Table 14.5 Typical haemofiltration fluid composition

Contents Hemosol BO Prismasol4  Hemolactol  Lactosol
(mmol/L)

Glucose 0 22 1.1 0
Osmolality 287 301 301.6 287.5
Na* 140 140 140 140

Ca*t 1.75 1.75 1.75 1.75
Mg** 0.5 0.5 0.75 0.75

Cl 109.5 113.5 109 105
Lactate 3 3 40 40
HCO3 32 32 0 0

Fluid warmer

CVVH/HD/HDF is an excellent way of controlling the central body tem-
perature. Most modern machines have a blood warmer attached which
ensures the blood returning to the body is at the correct temperature. If
this is not available it is possible to wrap the lines and circuit in silver foil
to reduce heat loss.
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Anticoagulation
o Normally needed to stop the filter from clotting. Although CVVH/
CVVHD/CVVHDF can be performed without anticoagulation,
relatively low flows in paediatric practice make this less common
e May be reduced or omitted in children who have recently had surgery,
who have DIC, hepatic failure, or thrombocytopenia
Anticoagulants maximize the circuit life
The choice of anticoagulant depends on the local preference and
practice, and the patient’s condition
e Anticoagulation should be monitored routinely (activated clotting time
(ACT) or activated partial thromboplastin time (aPTT))
o In the UK, heparin is the most common form of anticoagulation.
* Loading dose of 50U/kg followed by a continuous infusion to
achieve ACT of 1.2-1.8x normal or aPTT ratio of 1.2-1.5x baseline
e Anticoagulation may be regional—affecting the circuit only, or
systemic—affecting the patient and circuit
e Regional anticoagulation involves infusion of an anticoagulant into the

circuit pre filter, with an antagonist being given to the patient or on the

return blood line to deactivate the anticoagulant

e Monitoring for regional anticoagulation involves measuring the aPTT or

ACT of the patient and the circuit (usually post filter)

o In regional anticoagulation aim for a normal aPTT for the patient and an

aPTT ratio of 1.2-1.5x baseline for the circuit
» Advantages of regional anticoagulation are a reduction in bleeding
episodes
* Disadvantages include t monitoring requirements and frequent
adjustment of dosage of both the anticoagulant and antagonist
o Sodium citrate is increasingly used to provide regional anticoagulation:
* Works by chelating ionized calcium, prior to filtration
 Calcium is then infused after filtration, typically systemically via a
central line infusion
» Some machines have an automated function to achieve this
Prostacyclin (2—10ng/kg/min) can be used, although if used alone

reduces circuit life, and has been used in combination with heparin with

more success:
¢ It can cause profound hypotension and is costly.

Starting parameters

Table 14.6 shows a guide for starting parameters, which should be tailored
to the patient’s needs. For example, in metabolic disease, sepsis, or drug
removal a higher volume treatment is required. In all cases, regular review

of electrolytes, fluid status, and pH are essential.
Starting

At initiation of treatment there is often a period of hypotension. This
is due to reasons, such as the inflammatory response to the circuit and
transient reduction in serum inotrope levels as well as the increase to the
total circulating volume. Volume replacement and changes in inotropic

support may be required.
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Table 14.6 Initial parameters for pre-filter replacement fluid

Exchange/ 30mL/kg/h This will exchange about 50% body
replacement weight in 24h taking into account 25%
tucnover) lost to pre-dilution

ultrafiltrate Needs to be much higher if using for
rate ammonia clearance or to rapidly improve

biochemistry (>100mL/kg/h)

Blood flow 6-9mL/kg/min This should be at least 10x filtration
rate and prevents excessive
haemoconcentration in the filter

Dialysate 20ml/kg/h Maximal efficacy is achieved at 2-3 x
flow rate the blood flow rate
Fluid loss Individualize The net fluid loss through haemofiltration

will depend on patient’s needs. Practically
difficult to achieve a negative balance

of >5-10% of the patient’s body weight
in 24 h

Complications

e Haemodynamic instability (esp. at start)
o Disconnection and blood loss

o Clotting off of filter

e Electrolyte or fluid imbalance

o |nadvertent (excessive) fluid removal
e Heat loss

o Drug dose alterations needed

e Haemorrhage (due to anticoagulation)
o Infection risk.

Troubleshooting

o Circuit pressures are measured in mmHg and reflect the flow within
the circuit

o Arterial pressure is always negative as the blood pump is sucking blood
out of the patient. Arterial = access pressure; venous = return pressure

o Atall times protect the patient from air embolism and blood loss.
When troubleshooting (see Table 14.7) it may be safer to disconnect
from the patient and recirculate. Always flush the access lines if this is
being done to prevent them clotting off. Circuits should be spiked onto
a small bag of 0.9% sodium chloride and a partly-open 3-way tap may
be used to mimic arterial and venous pressure.
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Table 14.7 CVVH/CVVHD/CVVHDEF: troubleshooting

Problem Cause Solution

Excessively Clamp/kinked line Unclamp/kink line

eI il Catheter up against ~ Swap lines so arterial connects to
pressure

the vessel wall

venous side of catheter

Arterial line/access
clotting

Check coagulation and increase
anticoagulation if necessary. Aspirate
and flush access

Positive arterial

Disconnection or

Clamp lines and reconnect if no air in

pressure patient coughing circuit or wait for coughing to stop.
Clamp/kinked line Unclamp/unkink line
Excessively Venous line/access Bed side clotting check and increase
positive venous  clotting anticoagulation if necessary
RICSSEIE Disconnection Clamp lines and reconnect if no air
in circuit.
Low/negative Low flow in small Partially occlude venous line to

Venous pressure

patients

generate higher venous pressure

Filter/circuit clotting

Check no clamps on ultrafiltrate
line or bag

Rise in TMP/filter
pressure rising

Ultrafiltrate too
high for filter/blood
flow rate

Check filtration fraction below 25%
Increase pre-dilution % age

Check maximum ultrafiltrate

for filter size

Stop circuit if filter clotted

Air detector

Air in venous line

Remove air, if large amounts are
present take patient off and flush
access with saline. Recirculate
circuit and remove air while patient
isolated. Find source of air.

Stop treatment if real blood leak.

May also be caused
by circuit clotting.
Blood in ultrafiltrate

Fiscus ultrafiltrate,
associated with liver
failure

Continue if possible but filter likely
to clot off.

Seek liver opinion

Blood leak Air in blood leak Remove air from blood leak
detector detector
Air detector out Put blood leak detector back into
chamber position
Dirty mirror on Clean mirror
detector

High NH; * production Increase UF rate or add HD, so

convert to CVVHDF




272 cHAPTER 14 Renal replacement therapies

Haemoperfusion

Uses activated charcoal cartridges with a large surface area placed in a
veno-venous extracorporeal circuit as an absorbent to remove toxins.
It has been used historically for toxic drug removal.

Other more reliable methods of drug removal include plasmafiltration
and the molecular adsorbent recirculating system (MARS).

MARS is a haemodiafiltration method using an albumin-enriched
dialysate to remove albumin bound toxins.

The cartridges contain a synthetic, asymmetric membrane,
impermeable to albumin, but which allow the passage and reversible
binding of albumin-bound substances (Fig. 14.3)

It requires a CVVHD circuit as well as the MARs circuit (see Fig. 14.4).
MARS used primarily for liver support—i.e. in fulminant hepatic
failure—on ICU

Limited paediatric data at present.

Intermittent haemodialysis

IHD s high efficiently dialysis and is useful for drug, toxin, and
metabolite removal

It should only be performed in renal centres where dedicated staff are
available

Requires high blood flows—good vascular access essential
Haemodynamic instability common:

 Usually in first 15min of treatment

* More likely in patients with compromised cardiac function, sepsis,

or MOF.

There may be a rebound effect secondary to efficient removal of
drugs and subsequent redistribution into the circulation from the extra
vascular space. Some centres have used IHD for initially removal of
drugs/toxins and swap to CVVHDF after initially treatment.
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Blood Albumin-bound substances
Plasma (bilirubin, phenols, etc.) Dialysate
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Fig. 14.3 MARs cartridge structure. Reproduced with permission from

Mitzner SR, Stange J, Klammt S, et al. (2001). Extracorporeal detoxification using
molecular absorbent recirulating system for critically in patients with liver failures,
J Am Soc Nephrol 12(suppl.17): S75-S82.

Blood pump 3
O LFW flux Bicarbonate buffered
dialyser

Absorption columns dialysate

Albumin pump
Blood circuit Albumin circuit Single pass
dialysis

Fig. 14.4 SCHEMATIC of MARs circuit Reproduced with permission from
Mitzner SR, Stange J, Klammt S, et al. (2001). Extracorporeal detoxification using
molecular absorbent rrecirulating system for critically in patients with liver failures,
J Am Soc Nephrol 12(suppl.17): S75-S82.
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Plasmafiltration

e Uses plasmafilter in a veno-venous circuit to exchange plasma
components, such as auto-antibodies, and replace them with albumin
or FFP

e Indications:

» Myaesthenia gravis

 Guillain—Barré syndrome

» Goodpasture’s syndrome

e Thrombotic thrombocytopenic purpura
 Vasculitides, e.g. ANCA, Wegener’s

* Sepsis

¢ Antibody mediated haemolysis

e Plasmafiltration removes antibodies in immune mediated disease,
albumin bound drugs, and has been employed in some centres in
sepsis, although this use remains unproven

e When attempting to remove antibodies or drugs a number of
treatments may be necessary because of further production of
antibodies or redistribution of drug.

Box 14.6 Advantages and disadvantages of
plasmafiltration

Main advantages

e Antibody removal

o Effective albumin bound drug removal

e May have beneficial effect on inflammatory mediators in sepsis.

Main disadvantages

o Access

e Anticoagulation

e Human blood products as replacement

e Removal of immunoglobulins and clotting factors

o Cardiovascular instability

e Large shifts in fluid due to alteration of oncotic pressures
o Arrhythmias secondary to hypocalcaemia.

Box 14.7 Treatment guides

e Blood pump speed 5-9ml/kg/min

e Circuit size <10% of blood volume to avoid the need for blood
priming

e Treatment 100mL/kg exchange

e Treatment time no less than 4h

o Replacement fluid 66% albumin and 34% FFP or octoplas

o No fluid removal while on PF

o Plasmafilters have a lower maximum transmembrane pressure, which
means higher blood pumps may cause rupture of the membrane.
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Introduction

Nutrition is necessary for the proper growth and development of the
healthy child and is essential for adequate wound healing and immune
competence in an ill child. An understanding of nutritional requirements of
sick neonates, infants, and children is crucial for their management. Equally
important is an understanding of the impact of metabolic stress and how
this impacts on nutritional requirements in the critically ill child.

Normal nutrition and energy requirements
o Children require nutrition for:
¢ Cellular function
* Growth
o Activity
e Normal nutrition provides:
* Water
¢ Protein for structure and growth
» Carbohydrates for energy—disaccharides, lactose (galactose and
glucose), sucrose (glucose and fructose), and starch (glucose
polysaccharide)
« Fat for energy, cell membranes, fatty acids, prostaglandins
* Vitamins and trace elements
e Normal diet provides a mixture of protein, carbohydrate, and fat:
¢ Inanormal diet carbohydrate constitutes ~70% of calories and
fat <30%
« If inadequate calories from carbohydrate or fat, endogenous protein
is catabolized to glucose for energy (gluconeogenesis)
* Lack of protein leads to malnutrition, wasting despite adequate
calories

The same formula is used for calorie requirements as for fluid

requirements (Table 15.1)

e Neonates have an inability to excrete very concentrated urine (max.
600mosmol/L) therefore they may not tolerate feeds with >1kcal per
mL (concentrated feed can cause diarrhoea and cause hypernatraemic
dehydration)

o Breast milk contains approximately 0.67kcal/mL: thus a term neonate
who is breastfeeding will drink about 150mL/kg/day which equates with
100kcal/kg/day

o Older children tolerate more concentrated feeds (1.5kcal/mL) as they
can excrete more concentrated urine.

Table 15.1 Energy requirements for age and weight

Agelweight Calorie requirement

Neonates 100-120kcal/kg per day

<10kg 100kcal/kg per day

10-20kg 1000kcal + 50kcal/kg over 10kg per day

>20kg 1500kcal + 25kcal/kg over 20kg per day
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Nutritional assessment

History

PICU patients will generally fall into 2 groups—those who are previously
well with normal growth and nutritional status or those with more chronic
health issues, often associated with poor growth and nutritional status.
A history of poor growth, poor feeding, nausea, vomiting, diarrhoea is
important.

Chronic health conditions with poor nutrition include:
o Ex-prematurity:
» Small for dates
* Bronchopulmonary dysplasia
* Sepsis
» Necrotizing enterocolitis
o Cardiac failure
e Oncological diseases
o Cystic fibrosis
e Chronic Gl disorders.

Examination

o Plotting current weight and height as well as head circumference on
centile charts is ideal at the time of admission

o A low weight for height is suggestive of acute malnutrition, whereas
low weight and height for age is more suggestive of a chronic process.

e [fa child has marked capillary leak with generalized oedema, weights
need to be interpreted carefully

o As the child’s recovers and enters a convalescent phase, monitoring
weight gain is an easy way to assess the adequacy of a child’s nutritional
support

e Anthropometric measurements are often used by dieticians in the
outpatient setting for nutritional assessment but have little place in the
PICU setting. Generalized oedema in critically ill children is so common
as to make measurements of mid-arm circumference and skinfold
thickness quite misleading.

Blood tests

e Albumin levels are used to assess nutritional status but can be
misleading in PICU. In critical illness the levels are often significantly
reduced for non-nutritional reasons:

* tcapillary endothelial permeability (seen in infection and SIRS)
results in leakage into the interstitial tissue reducing the serum
albumin level

« Dilution from resuscitation fluids

e Proteins such as pre-albumin and transferrin are reduced as part of the
body’s acute phase response to illness. After the acute phase they are
more accurate at reflecting nutritional status.

o Acute phase proteins such as C-reactive protein (CRP) are elevated in
the acute hypermetabolic (catabolic) phase of critical illness.
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Nutritional requirements

Nutrition and critical illness

Malnutrition, in particular protein energy malnutrition, can be acute or
acute-on-chronic. Both are recognized risks of critical illness leading to:

e Muscle weakness

o Growth failure

o Impaired wound healing

e Poor immunity leading to infection

o tmortality.

The stress of a major illness frequently renders a patient catabolic, with
protein (nitrogen) loss outstripping protein intake. Critically ill patients
tend to lose tquantities of nitrogen—usually via the urine but sometimes
also from the bowel or the skin (for example in burns patients). If they do
not receive adequate nutrition they will break down endogenous protein
as an alternative source of energy. Whilst it may not be possible to
prevent some of the loss of protein due to the acute illness it is possible
to minimize the extent of the catabolic state by providing non-protein
energy sources early.

Acute conditions associated with poor nutrition include
o Sepsis

e Major trauma, particularly burns

o Gastric stasis, ileus (reduced intake)

e Diarrhoea, fistulae, drain losses (*loss).

The primary nutritional goal during the acute phase of a critical illness is
the provision of sufficient non-protein calories to minimize protein break-
down and adequate protein to aid wound healing and immune function.
Provision of calories to allow growth is not a realistic goal acutely but
becomes important in the convalescent phase of any illness. To achieve
these goals one needs to have an idea of what each patient’s total energy
expenditure is. Unfortunately this varies enormously from patient to
patient and disease state to disease state.

Predicting energy requirement
Energy requirements can be predicted from the equation:

TEE = (BMR x correction factor) + TEF + AEE

where, TEE is total energy expenditure, BMR is basal metabolic rate, TEF is
thermic effect of feeding, and AEE is the energy expended in activity. The
correction factor for BMR depends on factors increasing or decreasing it
(see rest of section).

Total energy expenditure (TEE)
This can be calculated from predictive equations or measured by indirect

calorimetry (see Box 15.1) which measures O, consumption (VO,) and
CO; production (VCO,).
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Box 15.1 Bedside calorimetry

Indirect calorimetry measurement may be inaccurate in the presence of
an ETT leak and at high levels of inspired oxygen. It also requires a spe-
cific monitor for bedside purposes. Currently its use is not routine (it
is largely used in research) but advocates argue that it allows for meas-
urement of energy expenditure and respiratory quotient (RQ = VCO,/
VO,) and thus allows tailoring of calorie delivery to energy expenditure
and avoidance of overfeeding (i.e. when RQ >1).

Basal metabolic rate
e This is defined as the energy consumption in an ideal state of rest and
constitutes up to 70% of TEE
o BMR varies with age (see Table 15.2); being maximal for a neonate
(energy used for growth) and falling in a kcal per kg basis as a child
grows (except during the growth spurt of puberty). A number of
equations are available to predict BMR, the most well known being the
Harris—Benedict equation
e Factors increasing BMR:
* Fever/infection/inflammatory response—there is a 12% rise in BMR
per 1°C above 37°C
e Burns
» Trauma/surgery
e Factors reducing BMR:
* Sedation, analgesia (5-10% reduction in BMR)
» Neuromuscular block (up to 40% reduction).
* Hypothermia (remember, shivering increases metabolic rate in an
attempt to conserve heat).

[t is clear that in the critically ill patient many of the corrections listed here
will need to be applied to get an accurate assessment of BMR. See also
Box 15.2

Table 15.2 Basal metabolic rate per kg by age

Age BMR

1 year 55kcal/kg/day
5 years 45kcal/kg/day
10 years 38kcal/kg/day
Adult 26kcal/kg/day

Thermic effect of feeding
Energy is required to digest and absorb food enterally and this generates
heat. This should be accounted for in prescribing enteral feed.

Energy expenditure of activity

This will vary significantly from individual to individual but increases
with age. Accounts for 10% of TEE at birth and >25% over 6 months old.
This will be * by work of breathing, i.e. when in respiratory distress or on
weaning modes on the ventilator. Also * by pain and distress leading to
agitational movement.
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Box 15.2 Hypermetabolism and overfeeding?

Studies have confirmed that there is little correlation between meas-
ured energy expenditure using indirect calorimetry and a number of
different predictive formulae used to calculate BMR. Until recent years
it was widely believed that critically ill children were invariably in hyper-
metabolic (catabolic) states, much like adults, and therefore required
calories well in excess of those they would need if they were in good
health. There are several problems with this:

e There is now a body of evidence that predictive equations

(when compared to indirect calorimetry) more often than not
overestimated the measured energy expenditure, particularly in
infants and small children. Rather than being hypermetabolic, at least
in the early phases of illness, many children’s energy expenditure

was close to or less than the predicted BMR. The catabolic response
that can occur in the acute phase of illness will be mitigated by the
fact that many children are ventilated, sedated, muscle relaxed, and

in a thermoneutral environment (thus reducing energy required for
breathing, activity and maintaining temperature)

Catabolism is typically unresponsive to overfeeding or hormonal
manipulation, thus a degree of endogenous protein loss is to be
expected in critical illness

The caloric allotment for growth is not necessary in the acute phase
of illness—it is unrealistic to expect children to grow when acutely
unwell.

The risks of overfeeding in acutely unwell children are real and can

result in:

o *twork of breathing and ventilator dependency (carbohydrate
overfeeding generates CO,)

o Hyperglycaemia

o Hypertriglyceridaemia, fatty liver, and cholestasis.

Nutritional recommendations

e The recommendation for all centres to measure each patient’s energy
requirements using indirect calorimetry may not be practical for many units

e Additionally, in practice few intensivists use predictive formulae on a
daily basis to determine a patient’s nutritional requirements

o The benefit of early enteral nutrition is widely acknowledged and for
most, the initial step is to meet the child’s fluid requirements with an
age-appropriate enteral feed in preference to IV fluids. Thereafter the
volume or caloric content of the feed can be adjusted according to the
individual case.

o Experienced dieticians (who understand the issues above) are
invaluable in advising regarding appropriate goals and often do use
various predictive formulae to help them formulate their advice.
Where enteral feeding is not tolerated, parenteral nutrition should be
introduced.
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Calories
e In the acute setting prescribe calories according to BMR (see [
Table 15.1, p.276). Take into account fever, disease process, sedation,
and paralysis but remember these may cancel each other out
(i.e. a septic child who is sedated, ventilated, and paralysed.)
Do not give calories for growth
o |n the convalescent phase of an acute illness, calorie intake can be
increased to take account of:
* Repair and healing
o 1 activity
* Work of breathing
* Catch up growth and normal growth
e A recovering child may need >50% increase in calorie intake as he/she
heals, wakes up, moves about and weans from the ventilator
o Ifincreasing the fluid allowance is not possible, then additional calories
can be added to existing volume (see [l Range of enteral feeds p.282).
Nutritional success in the recovery phase of an ICU admission can be
monitored simply by measuring weight gain on a regular basis.

Enteral nutrition

By definition this includes any feed delivered via the GIT. In critically ill
children this usually means feed delivered by an oral or nasal feeding tube
with its end sited in the stomach or transpylorically in either the duo-
denum or jejunum. Total or at least partial enteral feeding is the preferred
route of nutrition. (See Boxes 15.3 and 15.4.)

Advantages of enteral feeding

o Simple, physiological and cheap

e No venous access required

e Less metabolic disturbance than parenteral nutrition

o Less monitoring and blood tests required

e Maintains gut endothelial integrity

o Possibly reduces bacterial translocation and risk of sepsis

e There is limited evidence that early enteral feeding (within 36h of
admission) is associated with improved clinical outcomes.

Disadvantages are few
o Risk of pulmonary microaspiration and infection
o Intolerance—large gastric volumes (See Box 15.5).

Box 15.3 Underfeeding in PICU

Underfeeding in PICU is commonly related to fluid restriction, underpre-
scribing, and from some of the interruptions that occur. This happens
regularly for a variety of reasons, many of which are avoidable.

o Arbitrarily deemed ‘large’ residual gastric volumes

o Prolonged fasting for procedures or nursing cares

o Delays in replacement when tubes are accidentally removed.
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o Gastric feeding should always be attempted initially via a NG tube. It is
good practice to start feeding with low volumes and slowly grade up if
tolerated

o Large gastric residual volumes can be a problem and may lead to
malnutrition or aspiration pneumonia

o Gastric emptying varies throughout the day and identifying what is
normal from what represents pathological gastroparesis, a common
complication of critical illness or injury, can be difficult

e Domperidone, metaclopramide and erythromycin are recommended
as gastric prokinetics in the setting of high residual gastric volumes or
vomiting. Cisapride is no longer used due to concerns of developing
long QT syndrome

o Small bowel motility and absorptive function is often well maintained

even in the presence of gastroparesis. Thus small bowel feeding tubes

(nasojejunal tubes) may be placed to bypass the stomach. This can be

done at the bedside, or endoscopically or under radiological screening

The introduction of evidence-based feeding protocols improves

attainment of caloric goals. Institution involves a multidisciplinary team

of dieticians, physicians, and nurses

o There will always be a group of patients in whom enteral feeding will
not be tolerated, at least in the short term. Example conditions are:

* Hypotension with poor splanchnic perfusion

* Vasopressor-associated splanchnic vasoconstriction
 Refractory ileus

* Postop Gl patients.

It is important that any protocol recognizes these groups. They should be
fed parenterally but introduction of enteral feed should be considered on
a daily basis.

Range of enteral feeds

Breast milk should always be encouraged if available. If the quantity is
insufficient for calories then fortify it or supplement it with formula feeds.
Avoid the use of cow’s milk in children under 1 year old.

Formula feeds available include:

o Normal or polymeric feeds: these contain a mixture of protein, long
chain fatty acids, and complex carbohydrate with vitamins and minerals.
They are for children with normal (or near normal) gut function.
Examples are breast milk, Osmolite®, Paediasure®, and Ensure®

o Pre-digested or elemental feeds: these may contain amino acids, small
peptides, simple carbohydrates (e.g. maltodextrin) and medium
chain triglycerides (MCTs) as fat. They are for children with severe
Gl dysfunction, e.g. short gut or Crohn’s disease. Examples are
Pregestimil® and Pepdite®

e Disease specific diets:

* Renal failure—low protein

* Liver failure—low fat, low sodium

* Respiratory failure—low carbohydrate
 Chylothorax—based on MCTs.
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Whole protein (polymeric) feeds should be started initially. There is no
advantage of peptide (elemental) feeds over polymeric in terms of toler-
ance, mortality, and infectious morbidity and they are considerably more
expensive. To date there is no evidence to support immune-enhancing
feeds such as those supplemented with arginine, glutamine, nucleotides,
and omega-3 fatty acids (immunonutrition).

Box 15.4 Suggested feeding strategy
How much?: determine the calories and the target volume

Select formula: an age appropriate, polymeric formula. Do not fortify
formulas until the patient demonstrates tolerance

Gastric or small bowel feeding: always trial gastric feeding first and only
default to small bowel feeding if this fails

Continuous or bolus?: start with continuous feeds. Infants may be more
settled after bolus feeding so this can be introduced if continuous feeds
are tolerated. Small bowel feeding should always be continuous.

Starting rate: <6 months 5mL/h
6 months—10 years ~ 10mL/h
>10 years 20mL/h

Alternatively start at 25% of target feeding volume

Advancement plan:

1. Check gastric residual volume by aspirating after 4h of feed. Increase
by the starting rate (or by 25% of target volume) every subsequent
4h until target volume is reached.

2. If the residual volume is large (i.e. > total volume infused over 4h)
then:

¢ Return aspirated feed to patient and rest for 1h. Reaspirate again.
If feed has been absorbed then continue to increase intake to
target volume.

3. If large gastric aspirate is persistent then start trial of prokinetics

¢ 1st choice domperidone 0.2-0.4mg/kg 6-hourly enterally

* 2nd choice erythromycin 2mg/kg 8-hourly enterally

» Consider metaclopramide intravenously in adolescents

« If prokinetics are successful continue with 4-hourly increases

4. If there is no improvement with prokinetics after 12h consider
placement of small bowel feeding tube (see L p.284).

5. If small bowel feeding fails after 24h consider TPN.

Avoid:

e Unnecessary periods of fasting

o Grading feeds up following a period of fasting—return to the
maximal volume the patient was tolerating pre-fasting

o Replace dislodged tubes promptly.

Note: erythromycin interacts with a number of drugs including phenytoin,
digoxin, and tacrolimus
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Box 15.5 Diarrhoea and enteral feeds

Excessive calorie density can have osmotic effects and cause diarrhoea.
This may occur with carbohydrate-rich feeds or with medium chain trig-
lyceride feeds. Stools may be tested for reducing substances (sugars) or
for lipid content. Lactose intolerance can be the cause and alternative
feeds may have to be sought.

Transpyloric tube placement

o Radiological screening:
» Under fluoroscopic guidance * contrast
» Can be screened well into the small bowel
* Requires transfer to radiology department and radiation exposure
e Endoscopically placed:
* Experienced practitioner required (often gastroenterologist)
* Placement under direct vision
» Can be done as bedside procedure
* Requires additional sedation, takes time
« Difficult to insert beyond duodenum
o Blind bedside placement (Box 15.6):
* Transpyloric tubes have been developed for quick insertion
* Avoids transfer, radiation
* Can be undertaken by PIC nursing or medical staff.

Box 15.6 Suggested technique for bedside placement

o Choose tube-unweighted polyurethane enteral feeding tubes with
flexible stylet. 6Fr for <8kg and 8Fr for >8kg

Prepare tube: remove guidewire, flush tube with sterile water,
lubricate guidewire with water and reinsert into tube

o Measurements:

e <1 year: measure and mark NG length, then measure and mark
the jejunal length—from nose to ear to half way to xiphisternum
and continuing to the right iliac crest

¢ >1 year: measure and mark nasogastric length, then measure and
mark the jejunal length—from nose to ear to xiphisternum to
right iliac crest

e Position patient:

* Head of the bed at 15-30°

« Patient lying with left side up (if tolerated)
Aspirate pre-existing NG tube

Insert tube to gastric marking:

* Aspirate gastric contents, confirm with litmus paper (pH 1-5)

* Flush tube with sterile water

Continue to advance (whilst slowly rotating it close to the nose) to
NJ marking. A small amount of resistance may be felt by experienced
practitioners as the tube passes through the pylorus
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Box 15.6 Suggested technique for bedside
placement (Continued)

o Test placement:”
o Test A: aspirate using 50-mL syringe. Bright yellow aspirates
obtained and pH >6. If not passed proceed to test B
e Test B: 2-10mL of air can be freely bolused in but resistance is
met on attempted aspiration back of the air
o Once position confirmed, advance tube further 5-10cm to ensure
proximal jejunal placement, secure tube and remove guidewire
o Always leave an NG tube in situ to decompress stomach.
“Note: Some centres require radiographic confirmation of tube position before
commencing feeding

Parenteral nutrition

PN is a mixture of protein, carbohydrate, fat, electrolytes, vitamins, and

trace elements. PN should be used when enteral feeding is not possible:

e Gl disorders, e.g. bowel obstruction, short bowel syndrome, severe
inflammatory bowel disease, post laparotomy

e Poor tolerance of enteral feeds in patients with intact Gl tracts.

Unlike enteral nutrition, there is no known benefit in starting PN early in
the course of critical illness. It is ordered when it is clear the patient will
not be tolerating enteral feeds for at least the next 3 days.

Disadvantages to using PN:
e Requires IV access:
* It can be given peripherally but this compromises the amount of
glucose and therefore calories that can be delivered
* Peripheral IV access is less reliable and can result in breaks in
nutrition while new access is established
o Central venous access is more reliable (allows higher glucose
concentration) but has greater risks and complications
o Electrolyte and metabolic disturbances such as hyperglycaemia and
hypertriglyceridaemia
e Cholestasis is widely reported
o Regular blood monitoring of glucose, triglyceride, liver function
o tg ut permeability may lead to bacterial translocation with associated
sepsis and multiorgan dysfunction
e PN is relatively expensive.

Prescribing TPN

Goals
e To provide sufficient non-protein calories, as carbohydrate and fat
e To avoid unnecessary catabolism of protein for energy formation
o Total calories should be delivered as:

* 30-40% fat

e 50-60% carbohydrate

* 10-15% protein.
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Issues

e The decision regarding how many calories should be decided in close
liaison with the dietician and the TPN pharmacist. The requirement
is approximately 10% less than in enterally-fed patients as there is no
need to allow for the thermic effect of feeding

o The volume of PN is determined by the daily fluid allowance
prescribed. If the patient requires strict fluid restriction, the volume
of other infusions and [V medications needs to be taken into account
in these calculations. If the patient has significant ongoing fluid
losses—e.g. vomiting, NG losses, diarrhoea, drain losses—it is unwise
to attempt to replace these with PN solutions as the electrolyte
composition will not be appropriate. These should be replaced with an
appropriate crystalloid solution

e Whenever possible, minimal volumes of enteral feed should be
infused in addition to any PN. If tolerated this reduces the incidence
of PN related cholestasis and may preserve gut mucosal integrity and
function.

Carbohydrates

e Provided as glucose

o Energy content: 3.8kcal/g of glucose

e To avoid hyperglycaemia, start with a solution of 10% dextrose

(ie., 10g glucose/100mL) and grade up over 3 days to a maximum

of 15%

Start at 5-10g/kg/day—see Table 15.3

If the patient’s glucose levels rise significantly (>12mmol/L) an insulin

infusion can be commenced (extrapolating from adult evidence some

PICUs aim for tighter glycaemic control with insulin)

e Precautions: rebound hypoglycaemia can occur if PN is suddenly
stopped (starting a 10% glucose infusion should prevent this).

Fats
e Provided as ‘Intralipid®—an isotonic fat emulsion
o Energy content: 10kcal/g
e [tis generally provided as a 20% solution (i.e. 20g fat/100mL)
o Commence at 1g/kg/day and increase to a maximum of 3g/kg/day in
1g/kg increments—see Table 15.3
e Precautions:
* Thrombocytopenia—Ilipid impairs platelet function so dose should
be limited to 2g/kg/day
* Hyperbilirubinaemia—fatty acids compete with bilirubin to bind to
albumin so dose should be limited in this setting to 1-2g/kg/day.

Protein

e Various amino acid solutions available—usually 10% (i.e. 10g amino
acids/100mL)

o Energy content: approximately 4kcal/g

o Start with 1g/kg/day and grade up in 1g/kg/day increments to
2-3g/kg/day

o Precautions:
* Hepatic and renal impairment—need reduced protein in PN
 Burns or multitrauma—need additional protein.
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Calculation of total calorie intake:
Total kcal/kg/day = (amino acids x 4) + (glucose x 3.8) + (fat x 10)
where the quantity of amino acids, glucose and fat is in g/kg/day.

Electrolytes

e Provided as maintenance but must be adjusted based on blood results

e Precautions: if serum potassium unstable, give potassium free PN and
give potassium separately.

Multivitamins and trace elements

e Water and fat soluble vitamins are added routinely

e Trace elements—selenium, iodine, zinc, fluorine, copper and
manganese—are added usually when patients are receiving prolonged
PN (>2 weeks) or earlier in severe burns or pre-existing malnutrition

o Precaution-early selenium deficiency can cause cardiomyopathy in
burns.

Table 15.3 TPN prescriptions for days 1, 2, 3, 4 for water, calorie,
protein, carbohydrate, and fat requirements

Water: Amino acids:  Glucose: Fat:

mL/kg/day  glkg/day glkg/day glkgl/day

kcal/kg/day  Days:1/2/3+ Days:1/2/3+  Days:1/2/3/4+
Neonates 100 1.5/2/2 10/12/15-20  1/2/3/3
<10kg 100 1.5/2/2 10/10/15-20  1/2/3/3
10-15kg 90 1/1.5/2 5/10/15 1121313
15-20kg 80 1/1.5/1.5 5/10/10-15 1121213
20-30kg 65 1/1/1.5 5/10/10-15 1/1/2/2.5
>30kg 50 11/1.5 5/5-10/10 111122

Note: calorie requirements are the same as water requirements per day.
Adapted from Shann F, Henning R, Shekerdemian L et al. (2008) Paediatric intensive care
guidelines, 3rd edn, Collective Pty. Ltd. Victoria, Australia.

Monitoring TPN
Introduction phase
o Glucose every 6-8h

o U&Es daily
o Triglycerides daily ~accept level <4mmol/L if infusing lipid over 24h

o LFTs—twice weekly
o Ca, Mg, POs—weekly.

Established

o Glucose daily

o U&Es—twice weekly.

o LFTs weekly

e Trace elements—every 2" week if burns or chronic malnutrition,
otherwise 4-weekly.
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Introduction

Heat-related illnesses refer to conditions in which the resulting hyper-
thermia is due to either theat production or ‘heat dissipation. In these
conditions controlling the body temperature by active cooling plays a
critical role in the management of these patients.

Heat stroke

High environmental temperature
e The body has different mechanisms to dissipate the heat that is
produced by normal metabolic functions:
* Radiation: transfer from the body to a cooler external surface
« Evaporation: heat loss from drying of skin or body surfaces
» Conduction: contact with cooler surface
» Convection: heat loss when cooler air flows over the body
o Perspiration is the most effective method in the healthy child
e Mechanisms for heat dissipation fail at * temperature and humidity
e Infants are at *risk as they sweat less and have higher metabolic rates.
They also are too young to control their environment (i.e. remove
clothing, get in the shade etc.).

Exertional heat stroke (EHS)

o Results from prolonged physical activity in a hot environment

e Due to a combination of theat production and a Yheat dissipation

o EHS is the most common form of heat stroke in adults and older
children.

Pathophysiology of heat stroke
e In response to heat stress, vasodilation occurs. As peripheral resistance
falls cardiac output increases until sweat losses lead to hypovolaemia
o The exact temperature at which cellular damage occurs is not clear.
Core temperature may exceed 41°C and cellular damage is believed to
be a function of both the maximum body temperature reached and the
time of exposure to that temperature.
» Oxidative phosphorylation fails at 42°C, stopping the production of
adenosine triphosphate (ATP) by mitochondria
Unchecked, heat stroke will cause multisystem damage
characterized by cerebral oedema, hypovolaemia, and renal
hypoperfusion
Muscle damage (rhabdomyolysis) causes myoglobinuria with
resultant renal failure and hyperkalaemia
Hepatocellular injury leads to jaundice, encephalopathy,
hypoglycaemia, and coagulopathy
Endothelial cell damage results in consumptive coagulopathy
(disseminated intravascular coagulation).

Clinical presentation

o Symptoms include headache, vomiting, malaise, cramps, and dizziness
progressing to confusion, ataxia, and coma

e Symptoms and signs of dehydration and hypovolaemia occur.
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Management (Box 16.1)
e Heat stroke should be considered a life-threatening emergency.

Aggressive and rapid cooling measures coupled with intravascular
volume resuscitation are the mainstay of treatment

o Mechanical ventilation may be required in comatose or cardiovascularly

unstable patients

e Antipyretics have no role in the treatment of heat stroke.

Box 16.1 Management key points

Attend to ABCs. Give oxygen

Prepare to cool the patient as soon and as fast as possible

Aim to reach a temperature below 39°C aggressively. Cooling
methods can be stopped when the temperature reaches 38.3°C
Consider mechanical ventilation in comatose or severely shocked
patient

IV fluids are invariably required—give 20mL/kg 0.9% saline or
Hartmann’s (Ringer’s) as a bolus. Repeat as necessary

Measure glucose level as hypoglycaemia is common

Treat heat-producing activity aggressively, e.g. convulsions, agitation
or shivering. Sedation and paralysis with muscle relaxants may be
necessary

Check electrolytes—watch for hyperkalaemia and hypo- or
hypernatraemia

Monitor renal and liver function, and coagulation profile

If patient develops myoglobinuria, keep well hydrated, aiming for
a generous urine output. Urine alkalinization and mannitol may be
needed (see L Box 31.9 p.665). If renal failure ensues, considered
early haemofiltration

If rhabdomyolysis occurs, IM compartment pressures may need to be
measured.
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Drug-induced hyperthermia @ox 162

e Rarely, certain drugs can cause an increase in body heat production
leading to hyperthermia

e Drugs commonly involved are inhalational anaesthetic agents,
sympathomimetics, antipsychotics, serotonin agonists, and drugs with
antcholinergic properties

e The resulting hyperthermia is often accompanied by skeletal muscle

rigidity, rhabdomyolysis, and hyperkalaemia

Multiple organ failure; renal impairment, severe metabolic acidosis,

cardiac dysfunction, coagulopathy, and death may ensue.

Malignant hyperthermia (MH)
See L1 Malignant hyperthermia, p.184.

Sympathomimetic poisoning

o Commonly caused by cocaine and 3,4-methylene-dioxymethamphetamine
(MDMA or ‘Ecstasy’). This syndrome is caused by an trelease and
disturbed reuptake of serotonin, dopamine, and other catecholamines.
(and metabolites)

e The resulting hypermetabolic state may be exacerbated by prolonged
physical activity from dancing in a hot environment such as a nightclub
or party. In severe cases convulsions, hyperthermia, rhabdomyolysis,
and coagulopathy occur

o Associated hyponatraemia may occur from excess water intake

e Treatment includes aggressive cooling and the administration of
benzodiazepines and barbiturates to stop the myotonic or hyperkinetic
thermogenesis. In severe cases consider sedation and paralysis.

Serotonin syndrome

e Occurs when serotonin agonists are given concurrently with other
serotonin releasing agents

e Serotonin leads to an excitatory response characterized by agitation,
hyper-reflexia, myoclonus, hyperthermia, diarrhoea, and tachycardia

e The syndrome is self-limiting once the responsible agent is removed

e Treatment is supportive

o The value of antiserotonin agents (chlorpromazine or cyproheptadine)
is not known but may be useful in severe cases.

Neuroleptic malignant syndrome

o A rare reaction to antipsychotic therapy, it can occur in any age group
(most commonly in young-middle age adults) and normally within 4
weeks after starting therapy

o The pathophysiology is unclear but thought to be related to dopamine
receptor blockade

o The syndrome is characterized by muscle rigidity, hyperthermia, and
autonomic instability (sweating, tachycardia and labile BP).

e The syndrome can be severe, even lethal. Antipsychotic therapy
should be discontinued and dopamine antagonists avoided. The use of
dopamine analogues may be useful (bromocriptine 0.025mg/kg orally
every 8h). In severe cases, dantrolene 2-3mg/kg may be considered.
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As in any other drug-induced hyperthermia, supportive therapy tailored
to the patient symptomatology is of paramount importance.

Management (Box 16.2)

Box 16.2 Treatment key points for drug-induced
hyperthermia

e Discontinue medication
o Attend to ABCs and give oxygen
Stop heat production (agitation, seizures, shivering). Benzodiazepines
and, if necessary, non-depolarizing muscle relaxants
Endotracheal intubation may be challenging due to muscle rigidity
Mechanical ventilation is often necessary to deal with the tCO,
production and O, consumption
IV fluid replacement as needed. Monitor arterial pressure
External cooling. Heat production may continue for some time
despite stopping offending agent, therefore the chosen cooling
method should be able to cool and control body temperature for as
long as needed
o Administer:
* Dantrolene (2-3 mg/kg) IV in MH. Repeat frequently until
symptoms under control (up to 10mg/kg)
Benzodiazepines and barbiturates for sympathomimetic poisoning
Cyproheptadine in serotonin syndrome
* Bromocriptine (0.025 mg/kg) oral in neuroleptic malignant
syndrome
o Watch for signs of rhabdomyolysis, myoglobinuria, and
hyponatraemia and hyperkaelemia
e Do not give antipyretic agents.
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Practical approach to cooling

Control of body temperature is a common challenge in the PICU. Apart
from hyperthermic syndromes there many patients in PICU in whom
hyperthermia, even moderate, may be detrimental. The aim of cooling
therapy is to reduce or normalize body temperature.

Following improved outcomes in adults (after ventricular arrhythmia
induced cardiac arrest) and in newborns (with hypoxic-ischaemic enceph-
alopathy) there is a growing interest in the application of therapeutic
hypothermia as a neuroprotective strategy in PICU. If attempted, the
aim should be able to maintain body temperature between 33-34°C for
24-48h. Overcooling (<32°C) can cause adverse effects.

There is no clear evidence showing a ‘best’ method of cooling. All have
advantages and disadvantages, and the method used should be based on
the particular circumstances of each patient.

Cooling in PICU

o |ced water immersion is popular in field and emergency departments
but is impractical in PICU

e Evaporative methods using water and alcohol spray with warm fanning
(prevents vasoconstriction) can be used in PICU

e The simplest technique is to use a cooling mattress which can
automatically regulate the patient’s body temperature to a pre-selected
target

o [f necessary, other cooling methods can be used in combination
(ice packs, cooling blankets, evaporation, fans...) to accelerate the
temperature drop.

Box 16.3 Key points for cooling or therapeutic
hypothermia in PICU

o Use a cooling mattress
® |n most circumstances, the child must be sedated, mechanically
ventilated, and paralyzed with muscle relaxants to avoid shivering
e Monitor core temperature with rectal or oesophageal probe
o [f rapid cooling is necessary, either:
 Spray alcohol and water on the child and cool with a fan
¢ Place sealed ice packs inside pillow cases over child’s exposed
body surface (particularly groin, axilla, neck where large blood
vessels run) and cover with a forced air cooling blanket
o Once the child’s temperature is 1°C above target temperature, stop
additional methods and use only cooling mattress
Avoid overcooling
If target temperature of normothermia is achieved; stop active
cooling and monitor body temperature.
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Introduction

A understanding of basic pharmacological principles is vital to the safe
and effective prescription of drugs to patients in PIC. Babies and children
handle drugs differently as they grow and the processes involved are
often radically altered in critical illness. Children are at particular risk from
adverse drug reactions and medication errors.

Pharmacokinetics and dynamics

o Pharmacokinetics is the study of ‘what the body does to a drug’
e Pharmacodynamics is the study of ‘what a drug does to the body’.

Pharmacokinetics defines the relationship between the dose of a drug and
its concentration in different parts of the body (usually plasma) in relation
to time. This depends upon:

Absorption If a drug is given [V 100% of the dose enters the blood-
stream. If a drug is given orally usually only a fraction is absorbed. Enteral
absorption is often compromised in the critically ill child.

Bioavailability is the fraction of drug that reaches the circulation unal-
tered and is therefore available to reach the target site. A drug given by
the IV route is considered to have a bioavailability of 100%.

Volume of distribution (Vd) This is not a physiological volume but
the apparent volume into which the drug would have to distribute to
achieve the measured concentration. Water-soluble drugs, such as gen-
tamicin, have a Vd similar to extracellular fluid volume. Drugs that are
highly bound to plasma proteins have a low Vd.

Clearance Describes the removal of a drug from the body and is
defined as the volume (usually of plasma) that is completely cleared of
drug in a given time. In children it is described with respect to body weight
(mll/min/kg). Clearance per unit body weight is usually reduced in the
neonatal period but may be higher in infants and young children than in
adults.

Elimination half-life (t!2) is the time taken for a drug concentration
(usually plasma) to fall to half the original value. It is inversely related to
clearance. Therefore 50% of the dose will be eliminated in 1 half-life and
97% of a drug will be eliminated after 5 half-lives. 5 half-lives is also the
time required for steady state to be achieved following initial administra-
tion of the drug.

In order to shorten the time to reach steady state for drugs with a long
half-life a loading dose is typically given.
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Concept of multi-compartmental model

Box 17.1

Why does a patient wake up 5min after an injection of thiopentone when we
know that it takes several hours to eliminate thiopentone from the body?

Initially the drug is all in the blood and goes to ‘vessel rich’ organs; prin-
cipally the brain. After a few minutes the drug redistributes into other
tissues (fat, muscle), the concentration in the brain decreases and the
patient wakes up.

Represented graphically (Fig. 17.1), there is an initial rapid fall in blood
concentration, a plateau, and then a slower gradual fall. The first part is the
rapid redistribution phase, the alpha phase. The plateau is the equilibrium
phase (where blood concentration = tissue concentration). The slower
phase, the beta phase, is the elimination phase where blood and tissue
concentrations fall in tandem. This is a simple 2-compartment model. In
reality most drugs are much more complicated than this.

200 4 A
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Serum concentration
=Ae=0t + Ae—Pt

Serum concentration

Slope = —ou

1 T T T T T 1
o 1 2 3 4 5 6
Time

Fig. 17.1 Serum concentration vs time after [V administration. Serum concentration
is graphed against time on semilogarithmic graph paper. The heavy and light dashed
lines are derived as in fig 9.1. & and B are rate constants for the distribution and
elimination phases of a two compartment model. Vy is calculated from the
extrapolation intercept as shown. See text. (Adapted from Chernow, B., ed. 1994.
The Pharmacological Approach to the Critically Il Patient. 3rd edn. Williams and
Wilkins, Baltimore.)

Drug metabolism and excretion

Metabolism

The major pathways involved in drug metabolism are divided into phase |
(oxidation, reduction, hydrolysis, and hydration) and phase Il (glucuro-
nidation, sulphation, methylation, and acetylation) reactions. In general,

297
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clearance of drugs is reduced in the neonatal period but for many drugs
adult clearance values are reached by 2 years of age.

Phase | pathways (‘activation’)

The major pathway is oxidation which involves the cytochrome P450

enzymes (CYP). The major enzymes are CYP3A4 and CYP1A2.

o CYP3A4: this is responsible for the metabolism of many drugs,
including midazolam, ciclosporin, and fentanyl. Activity is reduced in the
neonatal period and early infancy. Enzyme activity between individuals
varies considerably leading to a large range of plasma concentrations
after the same dose of a drug.

o CYP1A2: caffeine and theophylline are metabolized via this pathway.
Enzyme activity is reduced in the neonatal period but increases rapidly
such that by the age of 6 months activity approaches that of older
children and adults.

e Pharmocogenomics describes the importance of genetic factors,
such as CYP enzyme activity levels, in drug handling by an individual.

Phase Il pathways (‘detoxification’)

This involves conjugation to a water-soluble product for biliary or renal
elimination. Glucuronidation and sulphation are the 2 major pathways.
Glucuronidation is reduced in the neonatal period and there is compensa-
tory sulphation. The development of glucuronidation varies for different
drugs. Rates for morphine are similar for a 2-year-old and an adult whilst
adult rates for paracetamol are not reached until puberty.

Excretion

Renal excretion is the major route of elimination of water-soluble metab-
lites. Term infants handle drugs that rely on glomerular filtration rate for
excretion, such as aminoglycosides, better than preterm infants. Renal
tubular secretion reaches adult levels by 6 months of age, until when
excretion of drugs through this process, such as penicillins and sulphona-
mides, will be reduced.

Lipid soluble drugs may be eliminated via the Gl tract.

Applications for the intensivist

Absorption

o Slower Gl transit time in the PICU patient can delay the rate of
absorption of oral drugs

o Conversely the use of prokinetics may increase the rate of absorption

o Practical importance of pH which can vastly affect absorption from the
stomach and excretion via the kidneys:

* Acidic drugs are ionized when the pH is higher than their pKa—the
pH at which the drug is 50% ionized. This principle can be applied
in the treatment of certain overdoses, e.g. alkalizing the urine will
increase the elimination of renally excreted acidic drugs
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* Increasing gastric pH with H, antagonists or continuous feeding will
increase the ionization of acidic drugs and decrease the absorption
via the stomach

* In contrast, basic drugs will have a higher unionized portion and
cross the stomach membrane into the circulation

e The PICU patient with a low cardiac output and therefore blood flow
to relevant absorption sites, will have lower rates of absorption of
enteral, SC, and IV drugs.

Volume of distribution (Vd)

e A small Vd means that the drug is mainly kept in the intravascular or
extravascular space, whereas a large Vd signifies the drug is distributed
throughout the tissues of the body

o Children have varying body composition, e.g. neonates have a higher
body water content compared to adults

e Vd may be altered by fluid overload, ascities, high output drains, and
drugs with a large Vd will therefore require higher doses to achieve
adequate blood levels

e Vd is affected by protein binding and the tissue binding of drugs:

¢ In general, acidic drugs are bound to albumin and basic drugs are
bound to alpha-1 acid glycoproteins

* Highly protein-bound drugs are mainly contained in the vascular
space and have a small volume of distribution.

Metabolism

e The liver is the major source of drug metabolism, but
biotransformation can occur in the intestine, kidney, and lungs
o Any orally administered drug will usually pass through the liver and
may be subjected to enzymatic processes (first pass metabolism)
* The drug may be metabolized to an active form or be transformed
to an inactive form ready for elimination
|V and rectal routes of administration bypass the initial liver
metabolism, extensively liver metabolized drugs will have vastly
different IV and oral doses, e.g. propranolol.

Clearance/elimination

e The route of elimination of a drug needs to be assessed in the PICU

patient:

¢ Ifadrugis secreted into the bile as the main route of elimination
but the patient has biliary obstruction then the dose must be ¥ in
order to avoid toxicity

» Conversely, if a drug is eliminated via the kidneys an increase in
dose may be required in a patient with improving renal function.

e For most drugs the movement between compartments and out of the
body is described by first order’ kinetics, i.e. a constant fraction of
drug is removed per unit time. Therefore the amount of drug removed
will depend on its serum concentration

e However in other situations drugs may display non-linear or
‘zero order’ kinetics.
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Box 17.2

Why if | have 10 pints of beer before midnight will | fail a breathalyser test
at 8 am the following morning? Either this is due to alcohol having a very long
half-life (which it does not) or that alcohol is cleared in a different way.

What happens is that the metabolic pathways responsible for alcohol
metabolism are rapidly saturated—the metabolic pathways work to
their limit. This is known as zero order kinetics: a constant amount of
drug is eliminated per unit time rather than a constant proportion as
occurs in first order kinetics.

o This form of kinetics occurs with several important drugs at high dosage
concentrations: phenytoin, salicylates, theophylline, and thiopentone
(at very large doses)

o For such drugs clearance decreases and the half-life increases as the dose
is 1, as the elimination route becomes saturated and cannot increase
proportionately

o Careful measurement of drug levels is necessary for many drugs.

Receptor physiology

The purpose of a receptor is to receive a signal, and transduce this signal
to produce an effect.

Drug + Receptor S Drug/receptor complex — Effect

Drugs are ligands which interact with receptors to produce effects:
o Agonists: interact with the receptor to produce a positive effect:
* Not all agonists acting on the same receptor will produce the same
magnitude of response—this is called efficacy
* Partial agonists do not produce the full response of a ‘true’ agonist
o Antagonists: interact with the receptor sites to block the ligand:
* A competitive antagonist will compete for the receptor site with
the ligand, reversibly binding at the site
By increasing the agonist the effect can be overcome,
e.g. rocuronium is a competitive antagonist for the acetylcholine
receptor, by increasing the acetylcholine (the agonist), with
anticholinesterases such as neostigmine, the neuromuscular blocking
activity of rocuronium can be overcome
» Non-competitive antagonist effects cannot be overcome by
increasing the concentration of the agonist as they irreversibly bind
to the receptor or alter the configuration of the receptor,
e.g. suxamethonium is not reversed by neostigmine
o A drug’s affinity for a receptor is the measure of binding to a receptor
e Continued stimulation of receptors by certain agonists, opioids, or
benzodiazepines can result in desensitization (or down regulation)
causing an attenuated response to the same dose.
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Principles of drug administration

e Enteral dugs are to be encouraged—many common drugs used in PICU
have good bioavailability when given enterally. The cost of oral dosage
forms is usually a fraction of the parenteral forms as is the sequelae of
drug errors.

o [f the post pyloric route (jejuna feeding) is used consider:

« Site of absorption of drug versus position end of feeding tube
» Osmotic load/sorbitol content/volume of the liquid—administration
to the jejunum may cause diarrhoea or local irritation

o The oral/enteral route is not appropriate when rapid blood levels are
required; or the gut is not functioning or accessible, e.g. ileus, NEC

e The majority of drugs are given via the IV route in PICU. In the setting

of fluid restriction many of the drugs require concentration. The

following factors must be considered:

Solubility of the drug: adequate dilution of the drug is required to

prevent the drug coming out of solution

e Access for administration: hyperosmolar solutions or extremes of pH

require central venous administration.

* As ageneral rule, solutions with an osmolarity above 500mOsm/L
are best not administered via a peripheral cannula

» However, glucose 12.5%, often cited as the highest concentration of
glucose to be given peripherally, has an osmolarity of 630mOsm/L.

Drugs should only be co-infused when absolutely necessary,

compatibility is known (see Fig. 17.2), and at the terminal end-site. In

practice however, co-infusion is often needed

e The pharmacological action of the drug is equally as important as its
chemical and physical compatibility, e.g. an inotrope should not be
co-infused with a sedative which requires bolus doses to be given.

This will cause a purge of the inotrope and potential haemodynamic
instability to the patient.

(a) Vasoactive infusions
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Noradrenaline Y Y|Y|D 2 éo
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Vasopressin D D|[D|D D

Fig. 17.2 Infusion compatibilities. Adapted from Birmingham Children’s Hospital
guideline 2009.
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(b) Other infusions

Dextrose 10%

D/NaCUKCl

Dextrose 10%
Dextrose/NaCl with KCl
Heparin

Midazolam

Morphine

Midazolam

Rocuronium

Rocuronium

Vancomycin
No—do not infuse together

_Yes—can infuse together in 5%, 10% dextrose or N/saline

D only infuse together in 5% dextrose

Fig. 17.2 (Continued)

Formulations

Solid oral dosage forms

e Tablets can be crushed or capsules opened and dispersed in a small
volume of water to give a fraction

e Crushed tablets can block feeding tubes if not adequately flushed

e Accuracy of doses cannot be guaranteed by splitting of tablets

o Effervescent tablets generally contain a high content of sodium

e Lactose, used commonly as filler in tablets and capsules, is problematic
in lactose intolerant patients.

Liquid dosage forms

Liquid medicines generally require higher amounts of excipient.

e Ethanol is a common vehicle used which crosses the blood-brain
barrier, affects the liver enzymes, causes interactions with common
PICU drugs, e.g. metronidazole

e Sugar-containing liquids can cause swings in the blood sugars of a
critically ill child

e Aspartame (in sugar-free medication) is used commonly and should be
avoided in phenolketonuria

e Sorbitol and mannitol can cause osmotic diarrhoea

Propylene glycol is used as a solvent for lipid soluble drugs (for oral

and parenteral dosage forms):

¢ |t can cause osmotic diarrhoea, and a risk of hyperosmolality
e The WHO has set a maximum limit to the intake of propylene
glycol to 25mg/kg.

e Some liquid medicines can be used for rectal administration.

Parenteral dosage forms

e Manufacturers’ recommendations should be followed for
reconstitution and dilution fluids to be used with parenteral injections
to avoid precipitation and loss of stability
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o The volume for further dilution used in PICU may vary greatly from the
manufacturers’ recommendations to avoid fluid overload.

Rectal dosage forms

e Suppositories are not dose flexible and should not be cut as uniformity
of the drug throughout the unit cannot be guaranteed

e Lubricants used for insertion may affect the release and absorption of
the drug.

Other dosage forms

o Transdermal patches may either be of a matrix or reservoir type

e The reservoir type patch should not be cut but partially covered with
non-permeable membrane dressing

o With a matrix patch the dose being delivered is proportional to the
surface area exposed to the skin

o Eye drops/ointments can be used for non-ocular uses, e.g. gastrostomy
sites, as ear drops.

Safe prescribing

Medication errors are a significant problem in PICU and result in
preventable morbidity and, occasionally, mortality. In particular 10-fold
prescription and administration errors occur, especially in the very young.
All health professionals will commit a medication error during their career.
Drug-related errors should be monitored in all PICUs and hospitals
through incident reporting and clinical governance systems. Computer-
based drug management systems offer huge potential for reducing drug
related errors.

Therapeutic drug monitoring

Steady state is the equilibrium that is established between the blood com-
partment and all the tissues of the body. Steady state is achieved after 4 or
5 half-lives. The longer the half-life, the longer it will take to reach steady
state. This can be avoided by giving a large initial loading dose.

Loading dose = Vd x Cpss

where Cpss is the blood level that is desired to produce a therapeutic

effect, without toxicity.

Therapeutic drug monitoring (TDM) is of benefit when:

o There is a clinically significant correlation between serum drug
concentration and the desired pharmacological effect

o A narrow therapeutic window, i.e. narrow margin between toxic
effects and minimum therapeutic effects

e Pharmacological effect is not easily measurable, e.g. some

anticonvulsants

In overdoses/poisoning

Patients with altered pharmacokinetic handling of a drug, i.e. the PICU

patient

e Drug assays are accurate and the result is available in a time frame to
inform further dosing.
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Drug levels are usually whole serum concentrations and not the free drug

fraction.

o For highly protein-bound drugs, the patient with hypoalbuminaemia
may experience enhanced effects despite a normal blood level

o Therefore a drug level must be interpreted in the context of the
concurrent conditions of the patient.

To ensure correct interpretation of a drug level the following is required:

e Drug dose, frequency, and route

o Drug history: was loading dose given? Is drug at steady state?

e Time sample taken relative to last dose

e Has drug had sufficient time to distribute into correct body
compartments?

Box 17.3 Conditions predisposing patients to
pharmacokinetic variability and therefore in need

of t frequency of TDM

o Fluid overload o Acute cardiac decomposition
o Dehydration o Ascities

o Acute renal compromise e Cystic fibrosis

e Burns e Renal replacement therapy

o Liver failure o Patients with high drain losses

Key principles to remember:

e [f drug elimination is a problem the same loading dose should be
applied but the maintenance dose and/or frequency should be reduced

e Most TDM involves measurement of trough concentration rather than
peak concentration

o Where trough levels are higher than range, the dosing interval should
be *. In general leave the dose unchanged

e Trough levels that are lower than the therapeutic range need more
frequent dosing. In general leave the dose unchanged

o A low peak concentration requires a higher dose

o A high peak concentration requires a lower dose (assumes trough level
is therapeutic).

Knowledge of a drug concentration at 2 distinct time-points allows an
estimation of time to next dose, i.e. when the drug concentration will
reach the target trough level. This can be plotted using semi-logarithmic
graph paper (Fig. 17.3).

Drug interactions

There is huge potential for drug interaction in PICU at different levels:
e Drugs competing at the receptor site:
* Aminoglycosides potentiating reversible neuromuscular blockade
(see L p.196)
e Action of 1 drug potentiating the absorption of another:
* H, receptor and proton pump antagonists altering gastric pH
* Prokinetic drugs or opiates promoting or inhibiting gastric emptying
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o Drugs with opposing effects being used together:

* Inotropes with vasoconstrictor properties alongside vasodilators
o Drugs interacting with each other affecting delivery:

« Ceftriaxone precipitation with IV calcium.

100

Level
5

0 5 10 15 20
Time post dose (hrs)

Fig. 17.3 Gentamicin level 4h post-dose of 12mg/L, with a repeat level at 12h of
4.9mg/L. Extrapolation suggests that 24-hourly dosing is appropriate for a target
trough level of 1mg/L.

Adverse drug reactions

Around 1% of children in hospital will experience an adverse drug reac-
tion (ADR). Differences in drug metabolism make certain ADRs a greater
problem in children, e.g. valpraote hepatotoxicity, or less of a problem,
e.g. paracetamol hepatotoxicity following overdose.

The mechanisms of ADR include:

o Impaired drug metabolism: chloramphenicol use in neonates led to the
grey baby syndrome. The newborn infant metabolizes chloramphenicol
more slowly than adults so a lower dose is required.

o Altered drug metabolism:

¢ Children may have reduced hepatic enzyme activity. To compensate
they may use other pathways

* This is thought to be a factor in the *risk of hepatotoxicity of
valproate in children <3 years old

¢ In other children an inborn error of metabolism may potentiate
toxic drug effects

e Protein displacing effect on bilirubin: the use of a sulphonamide,
sulphisoxazole, in ill neonates in the 1950s was associated with the
development of fatal kernicterus.

e Unknown: salicylate and Reye syndrome.
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Drug considerations in renal failure

If the renal route is the primary route of clearance of a drug or its

metabolites, significant changes must be made to the prescription during

renal impairment.

o Plasma creatinine is the best marker of renal function—urea is less
useful

e Remember that plasma creatinine is proportional to muscle mass—
normal value for a neonate is <30ummol/L compared to 50-80 in an
older child

e GFR can be estimated from plasma creatinine (see L1 p.652)

o Be aware that plasma creatinine takes time to rise after an acute insult:
» Assume GFR is compromised in the setting of a low cardiac output
* Poor urine output may alert you

Prior to prescribing a drug be aware of the route of drug clearance:

e Many drugs are metabolized in the liver to active metabolites that
are then excreted through the kidneys—e.g. the active metabolite of
morphine, morphine-6-glucuronide, is renally excreted

o Loading doses are mostly unaffected with the exception of drugs where
the volume of distribution is reduced where the loading dose should be
reduced, e.g. digoxin

o Single or ‘stat’ doses are unlikely to be problematic in renal impairment
as accumulation is unlikely

o Avoid nephrotoxic drugs to prevent further decline in renal function,
e.g. NSAIDs.

Antimicrobials are a particularly challenging group of drugs in the patient

with impaired renal function.

e Anincrease in dose above the literature recommendations for that
degree of renal impairment maybe required if the patient is not
responding

e Aminoglycoside clearance is heavily dependent on renal function

* Frequent drug monitoring is needed for aminoglycosides

* In renal impairment revert to using conventional dosing schedules
for gentamicin (i.e. 2.5-3.5mg/kg per dose) rather than the newer
larger doses—these will produce high levels for several days after a
single dose

Drug clearance on renal replacement therapy (see [ p.257)

o PD clearance of drugs is not very efficient and a dose reduction or
increase in dosing interval is required

e Drug clearance on CVVH or CVVHD will depend on the ultrafiltration
rate employed, on the degree of protein binding of the drug (will not
be filtered) and on the sieving coefficient for a particular drug

o In general terms renal replacement therapy should only be considered
to be providing the equivalent of a low GFR.
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Box 17.4 General rules for prescribing in renal impairment

o Medication should be reduced to a minimum

e Degree of renal impairment should be known prior to prescribing

o Nephrotoxic drugs should be avoided

e Therapeutic drug monitoring should be used where possible to
adjust doses

o Dosage regimens for renal failure should be followed

e Signs of toxicity or clinical response should be monitored

o Doses should be re-adjusted as the renal function improves.

e Involve a pharmacist!

Drug considerations in liver disease

The liver is a major site for drug metabolism. Liver disease will affect drug

handling in different ways. Drug handling does not readily correlate with

traditional liver function tests. Each drug must be looked at individually
and in the context of the liver condition affecting the patient.

e Prothrombin (PT) and albumin are the main markers used to reflect
hepatic synthesis of the enzymes required for drug metabolism—if
these are not synthesized then the enzymes required for drug
metabolism are less likely to be fully synthesized or functioning

o Liver blood flow is related to hepatic drug clearance: the greater the

flow the more drug that is metabolized—drugs with a high first pass

hepatic metabolism are vastly affected by changes in hepatic blood flow

Drugs that require biotransformation to the active form will have a

lower therapeutic response if there is low hepatic blood flow or if the

PT and/or albumin are low

Drugs that are excreted in bile should be avoided in patients with

choleastatic jaundice—drugs which are usually absorbed via an

enterohepatic recirculation process will show an attenuated response
in the patient with impaired bile flow

o Drugs with side effects of bleeding, sedation, itching, hepatoxocity,
sodium or water retention should be avoided in severe liver failure as
the effects will be enhanced or mask symptoms in the patient.

Dose titration in liver disease

o Drugs with extensive first pass metabolism will require a dose
reduction when hepatic blood flow is low, and in the patient with low
albumin and elevated PT—consider 50% reduction in dose

o Drugs that are not affected extensively by first pass metabolism but are
liver metabolized will required a dose reduction but less than that for
high clearance drugs—consider 25% reduction in dose

e Drug levels should be taken more frequently where possible

o Consult a paediatric pharmacist for advice.
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Drug considerations in patients on
extracorporeal circuits

Continuous renal replacement therapy (CRRT)

Ideally pharmacokinetic studies should be used to guide dosing regimens.
However, many drugs have not been studied and drug parameters must
be used to estimate clearance and adjust drug dose and interval

Box 17.5 Drug factors favouring removal by CRRT

o Low protein binding

o Molecular size under 1500 daltons
e Small Vd

o High sieving coefficient (~1)

e Anionic drug.

CVVH clearance = sieving coefficient x ultrafiltration rate

Drugs may be adsorbed onto the filter

Inotropes, sedation/analgesia, etc. should be titrated according to

clinical effect

o Take levels frequently for a drug with a narrow therapeutic index, and
dosage regimens should be followed where available

e In the patient on parenteral nutrition increase the protein/amino acid
content to take account of filtration losses

e If CRRT indication is acute renal impairment, on stopping CRRT

consider whether further dose adjustments are required according to

the degree of renal impairment.

Extracoporeal membrane oxygenation (ECMO)

o Little is known about the effect of ECMO on drugs. From the drugs
that have been studied it is believed that the half-life and volume of
distribution of certain drugs are *

o Coexisting renal and/or liver dysfunction will have additional effects

o Drugs can adhere to the circuit components

e As there can be a large volume of blood in circuit, a high proportion of
the drug may be lost when circuits are changed

o As with CRRT, drug levels should be used where possible to guide the
dosing regimens.
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Introduction

tcentralization of paediatric and neonatal intensive care services means
that children with acute injuries and illnesses may present to hospitals that
do not have the facilities or skills to maintain intensive care for them. Such
patients need to be transferred to intensive care.

In the past, this transfer was undertaken in an ad hoc manner, sometimes
by poorly trained staff with inadequate equipment. Patients transported
by non-specialist teams suffer an fnumber of avoidable insults.

Patient transport and retrieval is therefore best undertaken by trained
and appropriately skilled personnel using dedicated equipment. This may
be organized as a stand-alone retrieval service, or one integrated with a
PICU.

The principles outlined in this chapter are relevant to both inter-hospital
transfers, and to the movement of patients within the same hospital (for
example, taking a child from PICU to CT scan). See Table 18.1.

Table 18.1 Transfer types

Advantages Disadvantages
One way e May save time e Equipment may be
(patient delivered by e Fewer resources used inadequate and personnel
referrer) o Cheap inexperienced
e Base hospital staffing

compromised

Two way e Experienced team e More expensive
(patient fetched by ~ e Dedicated equipment e May take longer
receiving team) e Back up and support
Time critical o Quickest way to e See ‘one way transport’
(patient in need of get patient to life
urgent therapy) saving therapy (i.e.

neurosurgery)
Back transport e Frees up PICU bed o [fusing full PICU team—
(patient returned to once patient no longer  expensive
referring centre after needs it o [f using referring staff, see

PICU care) o Easier for families ‘one way transport’

Reproduced from Barry P, Leslie A (2003) Paediatric and Neonatal Critical Care Transport, BMJ
books, London, with permission from Wiley Blackwell.

The aim of a retrieval service is to commence intensive care as soon as
possible, and to continue intensive care until the patient is delivered to an
appropriate facility.

Retrieval personnel need the appropriate knowledge and skills to achieve
this in the difficult transport environment. The retrieval service establishes
the guidelines, policies, and environment in which to facilitate this goal.
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Organization of the retrieval service

Retrieval teams are most commonly based on an existing ICU. This pro-
vides a body of staff to undertake the retrieval, and allows retrieval staff to
support the unit if the retrieval service is not busy.

‘Attached’ teams also provide continuity of care for the patient, and
provide a consistency of approach that stand-alone teams do not.
However, taking the retrieval personnel from the ICU may compromise
the care of other patients, and the ICU is likely to be busy at the same
time of year that inter-hospital retrievals are most needed.

Stand-alone retrieval teams serve a geographical area or number of ICUs
and referring centres. They require a minimum number of referrals to
remain clinically competent and cost-effective. If this is achieved, the nor-
mally small size and ‘espirit du corps’ of such teams makes skills training
and competency retention easier, and such teams can be very effective.

In practice, most ‘stand-alone’ teams have a close relationship with a small
number of PICUs from which they draw their staff on rotation, and with
whom they align their policies and guidelines. Teams must ensure that
such relationships do not promote inappropriate rivalry and perceptions
of elitism from referring hospitals and other ICUs.

Setting up a retrieval service
Retrieval services begin before the first telephone call. In setting up a
service consider:
o Communication:
* Liaise with local service providers (both referring centres and local
PICUs) and with ambulance services
* |f aeromedical retrievals are likely, appropriate providers need to be
approached
» Advertise widely: details of the service in areas likely to use it—i.e.
paediatric wards, emergency departments, neonatal units, outreach
care teams (L4 p.35).
o How will people contact the retrieval team?
 Call centre: dedicated personnel to screen and direct referrers to
the most appropriate people. Requires a large volume of referrals
to be cost-effective. May handle calls to different teams
(ie.. paediatric and neonatal)
‘Hot line’ on PICU: should be direct to the ICU, rather than
switchboard; dedicated to incoming retrieval calls only; accessible to
the unit; appropriate paperwork (retrieval forms etc) to hand; well
advertised
Via the PICU or the PICU registrar: risk of calls getting put on hold,
or directed to the wrong person.

Personnel

o Staff need to be selected to oversee the work of the retrieval team
(medical and nursing leads) and to undertake the retrievals. As this
is often done by trainees, local postgraduate medical education
authorities may need to be involved in approving posts

o Nursing staff need to be selected and trained

31
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e The appropriate ancillary and support personnel need to be found
e Training, competency attainment and audit/review systems need to be
put in place.

Good personnel are the most valuable part of a transport team.

Safety (see Box 18.1)
o Transfers are high-risk activities for the patient and the team
e Risks of transfer include:

» Deranged physiology worsened by movement, leading to

cardiorespiratory instability

» Cramped conditions, unfamiliar environment and equipment,
professional isolation, temperature, and pressure changes
Road traffic accidents involving the ambulance
Equipment or resource failure or exhaustion.

Box 18.1 Safety considerations

o Organizational considerations:
* Clinical protocols
¢ Operational protocols and checklists
¢ Regular team training
¢ Audit and clinical incident monitoring
* Insurance
o Passenger safety:
¢ Passengers must wear seat belts
 All equipment must be secured
¢ Loose objects must be strapped down
* The ambulance should obey speed restrictions and traffic signs
unless there are (rarely) compelling clinical reasons not to
e Patient safety:
* Pre-departure stabilization and checklist
* Crash chart
* Careful monitoring and appropriate intervention throughout
* The patient must be secured on the trolley or incubator
e Team safety:
» Team members must wear seat belts
* The ambulance should stop before team members undertake
patient interventions if possible
* Warm clothing, drinks and snacks, money for emergencies.

Equipment (see Box 18.2)

o Dedicated equipment needed, selected on the basis of the needs of the
anticipated population

o Carry all the equipment you are likely to need—do not rely on the
referring hospital’s supplies

o Equipment bags must be replenished and checked after each retrieval.
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Box 18.2 Typical equipment required during transport

o Patient movement:
Trolley
Incubator for children <5kg
System to secure ventilator, pumps, monitors
Safety system to secure patient in transfer
Equipment bags
Multiple compartments to allow access to individual items
without unpacking
¢ Drug boxes
e Airway management:
* Equipment to establish and maintain a secure airway
¢ Bag-valve device with selected mask sizes
o ETTs (appropriate sizes), stylet, and Magil forceps
¢ Laryngoscopes with appropriate size blades, spare batteries, and
bulbs
e Transport ventilator:
¢ Small, lightweight, with economical gas usage
« Capable of ventilating infants and children of all ages
¢ Disconnection and high-pressure alarms essential
* Providing PEEP, facilities for variable FiO,, |:E ratio, RR, and V.
e Portable oxygen supply:
* Provide high-pressure supply with low-pressure metered flow
« Sufficient to last twice anticipated duration of transfer
Suction: portable, battery powered ideally
IV infusions:
» Equipment to establish and maintain venous and arterial access
* Drugs
* Resuscitation drugs
* Infusions of sedating and paralysing agents (for ventilated patients)
* Inotropic infusions
¢ Infusion pumps: small, lightweight, long battery life
e Monitoring:
* Portable, battery powered, monitor, clear illuminated display
» ECG, oximetry, non-invasive BP, temperature, capnography
* Invasive channels (preferably 2) for CVP and invasive BP
» Alarms must be visible as well as audible because of extraneous
noises
e Document folder:
* Recording chart, audit form, consent form
* Infusion charts and crash drug charts—filled in prior to transfer
¢ Information for parents, i.e. maps and telephone numbers
o Mobile telephone
e Warm protective clothing for staff.

Members of the retrieval service

The service is normally led by medical and nursing directors, supported
by transport fellows and nurses, technical support staff, pilots and drivers,
and administrative staff (Box 18.3).
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Box 18.3 Typical background and responsibilities of
retrieval team members

Medical Director (Typically PICU, NICU, A&E consultant)
e Develop policies and protocols

e Review/approve equipment and medication lists

o Establish and implement outreach programmes

e Review transport cases

e Manage quality improvement programmes.

Retrieval Coordinator (Senior nurse)
e Develop policies and protocols

o Develop/approve equipment and medication lists

e Establish and implement outreach programmes

o Local liaison (e.g. ambulance) and local training

e Review transport cases

e Collect transport data (audit)

e Manage quality improvement programmes

o Budget management.

Transport fellows and nurses

e Experienced in PICU or NICU

e Seniority

PICU/NICU and resuscitation training

Availability 24/7

Competences:

 Procedural competence to operate independently
» Operate transport equipment

¢ Understand limits of equipment

* Know supplies.

Tasks

o Nursing and medical care of patient during transport
o Liaison with staff at referring hospital

e Advise about treatment

o Assess need for other specialists e.g. surgeons

o Assess and monitor child’s condition

o Keep family informed

o Inpatient care after transfer

e Check and restock kit.

Paramedics/drivers/pilots

e ‘Team members’

Understand needs on call-out.

Involved in team training

May need training/skills in PICU/NICU care

o
o
o
e Input into equipment development.
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Many of these tasks will vary within different teams according to local
custom and practice. Traditional professional boundaries are often crossed
in retrievals, and good team members will interchange roles as necessary.

Retrieval team composition
For a particular retrieval this depends on a number of factors:
o Patient’s perceived condition:
 Often difficult to assess over the telephone
* Anticipate a more rather than a less serious scenario
* Easier to tell if you know and have an established relationship with
the referring team
* Specific factors may require a team with specific skills (i.e. the child
with a known difficult airway)
e Experience of medical and nursing staff:
* Trainees need to undertake preceptored practice with trainer
* Consider skill mix of team as a whole—pair junior fellows with
senior nurses and vice versa
Difficult patients may need 2 experienced medics or nurses, or a
combination of skills (i.e. PICU and ENT consultants for a difficult
airway)
Utilize learning opportunities—take additional trainee for difficult
or unusual cases.
* Nurse-led retrievals
o Staffing practicalities:
» Time of day.
 Current staffing levels
* Patient dependencies and staff skill mix on PICU (for integrated
teams)
* May be necessary to wait for the next shift to come on
e Mode of travel:
* Special skills and training needed for aeromedical retrievals
(see [ p.326).
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The retrieval process

Retrievals begin with the first telephone call. From that moment, you have
a responsibility to the patient and the referring team.

Triage of referrals

o Obtain the best information available about the patient

o Normally this will mean consultant to consultant referral. In practice
the referrer needs to be of sufficient seniority to give a succinct and
relevant history, and to act upon requests and suggestions from the
retrieval team

o The person taking the call needs to be of sufficient seniority to

determine if the patient can be accepted and to give appropriate advice

on patient management

Some teams use a call centre where an administrative assistant takes

the initial details, locates a suitable bed, and coordinates a conference

call between the referring team, the receiving PICU, and the retrieval

consultant. This also allows other experts (such as neurosurgeons) to

be included in management discussions.

Determine in the first 2 sentences the patient’s current status and what
the caller wants from the retrieval team.

There is nothing more frustrating for a referring clinician than spending
10min giving a detailed history to the PICU, only to be told that they
have no bed and can’t help to take the child anywhere else!

Decide if a retrieval is necessary and possible
e [f not, why not?

* No bed

* No retrieval team

* Inappropriate referral (for PICU in general, or for your PICU in
particular?)

o Will the situation change in a few hours?
o What are the referring team’s options?

* Is there an alternative PICU? Who calls them? Can the alternative
unit collect the patient? Can you deliver the patient from the
referring unit to the alternative PICU?

o [f aretrieval is necessary and possible, decide:

* How urgent is the transfer?

¢ |s the child in the optimal condition for transfer?

* Does the benefit of transfer outweigh the risks involved?

* Who are the most appropriate people to transfer this child?

* What type and mode of transfer is required for this child?

Document all communication with referring teams and all advice given,
even if you cannot take the patient.

Adpvise on further management
e Give appropriate advice to the referring team to help them resuscitate
and stabilize the child
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o Resuscitation is the responsibility of the referring team, and urgent
interventions that need doing should not be delayed just because the
transport team is ‘on the way’

e Remember that the referring team may be less experienced at certain

interventions, and what seems routine on PICU may be difficult in the

referring hospital

Be prepared to fax or email protocols, and drug or infusion guidelines

The level of care required may be different for a child undergoing

transfer than for a child staying where they are:

* For instance, a child on CPAP may need to be intubated semi-
electively, rather than risking deterioration and emergency
intubation in the ambulance

* The referring team may be able to undertake some of these
interventions

o Ask the referring team to prepare photocopies of the notes and copies
of X-rays etc., stop feeds, obtain a cross match sample from mother
(in the case of neonates).

Activate the retrieval team
o Essential information:
* Where is the patient (which hospital, which department, which
entrance to get in)?
* What is the required response time?
* Are there any special considerations?
* Is a specific type of ambulance needed for the transport equipment?
e Mode of transport:
* Depends upon geography, distance, priority, and availability
* Air retrievals considered if road transport time >2h
e Remember that intervention may be impossible in some helicopter
transfers
 Bad weather may preclude air transfer
e Preparation:
 Equipment—fully charged and working
« Sufficient gas supplies for twice the anticipated retrieval time
* Drugs—appropriate for the retrieval
¢ Fluid—adequate amounts and type
» Team—fed and watered
* Mobile phone.

Stabilization
e Focuses on an ‘ABC’ approach
o Before transfer, patients must have:
* Stable airway
¢ Adequate ventilation
» Adequate circulation
« Sufficient vascular access (normally at least 2 IV lines)
» Appropriate monitoring
o Time spent stabilizing the patient reduces instability and physiological
deterioration during a transfer (Box 18.4).
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Box 18.4

Always stabilize the patient before transfer, unless:

o There is nothing you can do to improve the patient’s condition

o The benefits of treatments available on PICU outweigh the risks of
transfer—the parents are fully aware of the risks and benefits of transfer

However, this is not an excuse to transfer patients without
o An adequate airway

e Good ventilation and a well filled circulation

o Adequate vascular access.

Packaging

o Secure all arterial and venous access

o Attach chest drains to Heimlich (flutter) valves

o Place NG tube on free drainage

o |dentify one reliable secure site of IV access— attach long extension so
that you can bolus dugs/fluids without having to expose patient

e Have drugs and fluids that might be needed drawn up (volume, inotropes,
arrest drugs)

e Secure patient to trolley or in incubator

o Assign one person to do nothing other than watch the monitor and
patient during loading/unloading

e Secure trolley to vehicle.

o See Box 18.5 for departure checklist.

Box 18.5 Checklist for departure

A: airway o |s the airway secure? If in doubt, intubate
e Do you need c-spine control?
B: breathing e Stabilize patient on the transport ventilator
o Check blood gases before departure
o Self-inflating bag-valve-mask in the event of a
ventilator/gas failure
Suction
Adequate sedation, analgesia, and muscle relaxants
Adequate gas reserves
Insert a chest drain if there is a possibility of a
pneumothorax (especially for air transfers)
Insert a NG tube if ventilated.
Stable circulation with good access
Any bleeding areas controlled
Invasive BP and CVP, when indicated
Inotropes—if in doubt have them prepared and ready
to run
Do you have enough pumps and are they fully
charged?
Insert a urinary catheter and monitor urine output.

C: circulation
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Box 18.5 Checklist for departure (Continued)

D: disability o Pupillary signs
o Fits, posturing
o Glucose and calcium
E: exposure e Hypo- or hyperthermia
e Warmed incubator and ambulance, activate heating

blanket if appropriate. Place hat on patient.

All notes, referral letter, results, X-rays

Maternal blood and blood products, if appropriate
Call home just before leaving the referring hospital
with a rough ETA

Inform relatives and take contact numbers

Take warm clothing, mobile phone, food, and credit
card/money for emergencies

Plan for the return journey.

F: finally, don’t
forget

e Continue care during transfer:

» Regular observations

* Note effect of acceleration/deceleration

* Note trends in vital signs—intervene early
o [f you need to undertake interventions during transfer:

* Stop the vehicle if safe to do so

* Assess the patient and treat as necessary

» No interventions in a moving ambulance
e Drive at normal road speed, obeying traffic signs and signals:

* There is a significant increase in the risk of a motor vehicle accident
whilst driving on ‘lights and sirens’, whilst crossing intersections, and
at night
‘Lights and sirens’ should only be used to get through static traffic, not
to go faster
Retrievals are different in this respect from primary transport (from
the scene of an accident, for instance) or where the patient is being
transferred for an urgent or definitive treatment.

Speed kills—even in an ambulance.

Arrival at PICU
e Handover at receiving hospital:
* Time critical retrievals need a rapid handover and immediate move to
the therapeutic intervention
» Others need a more detailed handover initially — Patient history,
interventions, progress, management and observations by the transport
team, details of parents, including what has been said to them
o Notify referring hospital of safe arrival
o Notify parents of safe arrival if not accompanying or already on their way
e Clean and pack away kit
o Complete paperwork
o Debrief within team, critical incident forms if appropriate
o |dentify topics for training, feedback, and outreach education.
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Dealing with parents

It may be your 4™ retrieval of the week, but for the parents and family of
the child, the situation is a unique, unforeseen crisis of immeasurable pro-
portions. Your dramatic arrival, the physical appearance of the child, and
the severity of the illness all heighten the parents’ feelings that the child is
in imminent danger.
e Parents may exhibit a grief reaction, manifest as feelings of shock and
disbelief, accompanied by helplessness
e Coping mechanisms at this stage may include aggression, regression,
withdrawal, or repression. Your response to these must enhance the
parents’ coping strategy
e Parents need information about their child, and reassurance that the
retrieval team care for the child as an individual in his or her own right.
 Take time to speak to the parents in private
» Make sure that you know the child’s name, and give the parents the
opportunity to express their fears and ask questions
* Give the most important information first, and summarize it at the
end of the discussion
Be realistic and do not be afraid to say that you do not know the
answers to certain questions
* Be careful not to undermine the care given by the team at the
referring hospital
o Allow parents to be with their child during the stabilization phase.
¢ Loss of physical control for the child’s well-being is a major stress
for the parents
» Other major stresses are seeing the child in pain or frightened,
seeing the child unable to communicate, and not knowing how best
to protect the child
e In many cases, it is not possible for the parents to travel with the child
on the return journey to the ICU
* This is a major source of stress for the parents, who often report
feeling that they will never see their child alive again
* Serious consideration should be made to allow parents to travel in
the ambulance with the child if at all possible
* If not, separate transport should be arranged, or parents should be
given specific directions to the hospital, information on parking and
directions to get to the ICU.

Transport physiology

Acceleration and deceleration

o Rapid acceleration and deceleration alter cardiac output

o [f the patient is lying with their head towards the direction of travel, an
acceleration causes venous pooling in the legs and $cardiac output

e Baroreceptor-induced vasoconstriction normally *systemic vascular

resistance, maintaining arterial pressure, but this response is obtunded

in children with hypovolaemia, septicaemia or CNS injury

Deceleration tvenous return and tICP
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o Acceleration and deceleration also affect lung volume by shifting
abdominal contents towards the head (reducing lung volume) and by
altering V:Q ratios

o NB: sharp braking in ambulance may give a G-force of >7.0!!

o Minimizing affects of movement:

» Sympathetic driver

* Position patient across vehicle if possible (rarely possible!)
* Fluid resuscitation before departure

* Inotropes/vasoconstrictors should be started early.

Noise and vibration
o Excessive ambient noise:
» Makes communication difficult and tiring
* Auscultation with a stethoscope is usually impossible
* Detection of auditory alarms is inhibited
* Helmets and ear defenders should be worn in helicopters
* Ear defenders should be worn by patients where practical
e Vibration:
* Vehicles transmit vibration to passengers, exacerbating motion
sickness
* Impairs coordination and interferes with the vestibulo-occular and
pursuit reflexes, which are important when trying to visualize a
monitor display
¢ Children with fractures may require additional analgesia
» Malfunction of pulse oximeter and NIBP
Causes displacement of tracheal tubes, chest drains, and venous and
arterial cannulae.

Motion sickness
o Caused by the mismatch of afferent visual and vestibular information
e Exacerbated by excessive head movement and reading in transit
e Potentially incapacitating!!
* Nausea and vomiting—incidence up to 50%
* ‘Sopite syndrome’: drowsiness, yawning, ¥mental agility,
disinclination to work— incidence up to 100%!
o Antiemetics are generally an effective treatment, but avoid those that
also cause sedation.

Temperature changes
e Patients may suffer from heat stress during transfer:
» Hypothermia most common (see Box 18.6)
* Hyperthermia due to high environmental temperature and
packaging (i.e. vacuum mattress)
* Monitor temperature continuously.
e Ambulance heating systems are variable. Ensure that the vehicle is
warm before the patient gets in to it
o |n aeromedical transfers, atmospheric temperature falls by 2°C per
1000 ft of ascent—ensure patient and staff are adequately insulated.
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Box 18.6 Heat loss

Heat loss occurs by 4 main mechanisms, and each is accentuated as

patient size is reduced:

e By radiation to cooler surrounding objects such as ambulance walls
and windows. When you are nearly ready to leave the referring
hospital, ask the ambulance crew to warm the ambulance up prior to
loading the child

e By conduction directly from the patient to cold objects placed in
contact, such as cold blankets. Transport incubators and blankets
should be pre-warmed before use

o By convection when cool air flows across the child, for instance when
incubator portholes are open, or when the ambulance doors are opened

e By evaporation either from the skin, especially in very premature
neonates, or from the respiratory tract.

The ambulance environment

Retrieval teams may use a variety of vehicles, including ‘rapid response’
cars, dedicated retrieval ambulances (Box 18.7), or emergency ambulances
used on an ad hoc basis.

Design considerations for intensive care ambulances (from Intensive Care
Society, 2002, London UK):
o The vehicle must:

* Be driven by suitably trained personnel

* Be able to carry up to 4 members of hospital staff in addition to
ambulance crew
Staff seats should ideally be rear or forward facing (not side facing)
Seats should be fitted with head restraints and seat belts
Ramp, winch, or lift system for loading the transport trolley or
incubator
Patient trolley should ideally be centrally mounted allowing all
round patient access

* Give a stable comfortable ride with minimal noise and vibration levels

* Have regular service and maintenance contracts

o Ambulance should have a standard 12V DC supply. In addition:

* 240V 50Hz AC power supply from an inverter or generator
sufficient to power a portable ventilator, monitor, infusion pumps,
and incubator where appropriate are essential

* Minimum of two F-size oxygen cylinders in secure housings (the
retrieval team must ensure there is sufficient oxygen for twice the
anticipated journey)

* Manifold system with automatic cylinder change over, and audible
oxygen supply failure alarm

* Minimum of 2 wall-mounted outlet valves for oxygen—oxygen

concentrators may be an alternative
Medical air supply is also desirable, especially for neonatal transfers
Adequate lighting, heating, air conditioning, and humidity control.
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Box 18.7 Use of a dedicated retrieval ambulance

Advantages

e The vehicle is optimally configured for the transport equipment

e Gas supplies can be t and adapted to the team’s needs

o Power supply may be optimized

o Clinical supplies may be stored on the vehicle

o Staff are familiar with the vehicle and its layout

e Reduces reliance on ‘front line’ ambulances, whose primary purpose
is responding to calls from the public.

Disadvantages

o Cost

o Reliance—if the vehicle is broken or being serviced

e Needs a dedicated crew

e May not be the best use of resources, depending on size of retrieval team.

Equipment and monitoring

e Equipment must be:
* Appropriate and dedicated for transport use
* Light and easily mobile
* Secure on the incubator or trolley
* Robust
* Have a clear display
e Familiar and easy to use
* Suitable for all ages transferred
 Easy to maintain and cheap to replace
e Power:
» Most equipment has internal rechargeable batteries
* Ensure equipment is fully charged before leaving, and is put back on
charge after each retrieval
» Always use external sources of power (ward, ambulance) where
these are available
o Gas supply:
e Compressed gases are a very precious resource. Whenever you
can, plug in to someone else’s
» Always make sure you have sufficient gas to cover twice the
anticipated journey
» Make sure you know where the cylinders are on the retrieval trolley
and in the ambulance, and how to change an empty cylinder
Monitor cylinder contents frequently during a retrieval
Cylinders must be secured in the ambulance
The content and volume of a cylinder when full is printed on the
neck ‘collar’
Size ‘F’: 1360L; size ‘E’: 680L,; size ‘HX’: 2300L
Air supply may be obtained from the surrounding atmosphere by
entrainment; from air cylinders, or from compressors.
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» Don'’t forget that if you change ventilation mode (i.e. hand bagging the
patient), your oxygen consumption (Box 18.8) will also change.

Box 18.8 Oxygen supply

e The oxygen requirements (in litres) of a patient can be estimated
from the formula:

Flow required (L/min) x FiO, x estimated journey time (min) x 2
e How long a cylinder will last can be estimated from the formula:
Cylinder contents (L) / gas consumption (L/min)

e The amount of oxygen available in a cylinder can be estimated from
the cylinder pressure:

[Cylinder pressure (psi) x 0.3) / flow required (L/min)] = Minutes
of oxygen available

P Some ventilators have a fixed gas consumption (i.e. Babylog ~10L/min)
whilst others vary their gas consumption dependent on the minute volume
of the patient.

P> Suction equipment may also use the gas supply, and if left on (accidently
or, for instance, for a replogle tube) can rapidly deplete gas supplies.
o Humidification:
* Frequently overlooked during transfer
* Important to prevent airway damage from desiccation, and airway
blockage from dried secretions
» Disposable heat and moisture exchangers are commonly used, but
may increase dead space (and hence PaCO,)
* Heated water humidifiers are rarely used as they consume power
and are easy to spill
e Ventilators:
* Most commonly gas powered
* Driven by oxygen and air supply (FiO, 0.21-1.0), or oxygen plus air
entrainment (FiO, 0.5-1.0)
Flow chopping (no flow during expiration, difficult for patient to
breathe above ventilator) or continuous flow (uses more gas)
* Requirements depend on anticipated patient population. Ventilator
must:
—provide IMV and SIMV
—deliver variable tidal volume and/or variable pressure
—have an adjustable rate and Ti
—have visual and audible ‘Disconnect’ and low/high pressure alarms
—provide PEEP (appropriate level for patient population)
—have an airway pressure monitor
—be cheap, light, robust
e Suction equipment:
* Electrical or gas powered
e A\ Gas powered systems may deplete gas supplies



EQUIPMENT AND MONITORING

o Infusion pumps:
Syringe or infusion pumps should be used as gravity-fed drips may
be unreliable when moving
Pumps should be sited below the level of the patient and be fitted
with anti-siphon devices
Must have accurate delivery rates within the anticipated range; end
of infusion alarms, long battery life
Carry at least 6, more may be required depending on anticipated
needs of patient
Consider which drugs can be given by intermittent bolus, and
keeping 1 infusion pump ‘spare’ if transporting a patient with a
critical infusion (prostaglandin, inotropes)
o Defibrillators:
* Should not be used in the moving vehicle
* ‘Hands-free’ systems should be used
» Automatic external defibrillators are not appropriate for children
<1 year of age. Energy attenuating pads should be used in children
1-8 years of age
e Incubators:
» Small or premature infants <5kg, limited by size of child
» Controlled thermal environment
e Compact
» Confined working environment
* Large power consumption
o Trolley:
* Dedicated/ambulance trolley
¢ Children >5kg
* Larger working area, better accessibility
* Needs safety harness
 Poor thermal regulation
» May be problems with ambulance compatibility
Monitoring—minimum standards of monitoring include:
Continuous presence of appropriately trained staff
ECG
Non-invasive BP
SaOz
EtCO,in ventilated patients
Temperature (preferably core and peripheral)
Aim for the same level of monitoring that you would use if the
patient was on your unit.

325
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Air transport

e Can greatly reduce transport times compared to ground transfer

e Useful when large distances or difficult terrain are encountered

o Also when specialist treatment such as neurosurgery or ECMO is
required urgently

o Air transport is generally considered if the estimated ground transfer
time exceeds 2h.

Altitude physiology
Barometric pressure falls with altitude gain. This leads to:
o Reduction in oxygen tension:
» Oxygen tension falls with altitude (see Table 18.2), and can be
calculated from the alveolar gas equation (EH p.114):
PAO, = (BP — PH,0) x (FiO, — (PCO, x 1/R)
* Where BP is the barometric pressure, and R the respiratory quotient
¢ ‘Pressurized’ aircraft are normally only pressurized to ~ 2500m, and
an oxygen concentration of 30% is needed to maintain inspired PO,
at the same level as on the ground
In practice, the detrimental effects of hypobaria are limited by the
pressurization of the aircraft, the fact that unpressurized aircraft do
not normally fly very high, and the awareness of the retrieval team
* Problems may occur in the sickest patients (i.e. already receiving
100% oxygen at sea level), or if the geography of an area means that
substantial ascent needs to be made.

Table 18.2 The effect of increasing altitude on alveolar PO,

PCO, PAO, (kPa) PAO, (kPa)
(kPa) (assuming FiO; = 0.21) (assuming FiO, = 1.0)

At 760mmHg At 500mmHg At 760mmHg At 500mmHg

25 16.5 10 91.2 66
53 13.2 6.5 88 64
8 10 33 66 61

Reproduced from Barry P, Leslie A (2003) Paediatric and Neonatal Critical Care Transport,
BM)J Books, London, with permission from Wiley Blackwell.

o Expansion of gas filled spaces

Boyle’s law states that volume is inversely proportional to pressure;
so as pressure goes down, volume goes up (see Table 18.3)
Enclosed gas filled spaces expand

This can cause a small undrained pneumothorax to become a large
tension pneumothorax. Pneumothoraces should be drained prior to
undertaking an air retrieval

Air in the stomach will expand and may interfere with ventilation or
predispose to vomiting and aspiration. It should be drained with a
nasogastric tube left on free drainage

BP cuffs and air-filled bandages or splints may also be affected and
should be loosened
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» ETT cuffs will also expand and should be deflated or filled with an
appropriate volume of saline instead of air

* On descent, Eustachian tube dysfunction may be a cause of severe
earache and sinus pain.

Table 18.3 Barometric pressure and approximate gas volumes at
different altitudes

Altitude (m) Barometric Atmospheres Relative
pressure (mmHg) volume

Sea level 760 1.0 1.0

1500 (unpressurized 630 0.83 12

aircraft may fly at this

altitude)

2500 (commercial 560 0.77 13

aircraft pressurized to
this altitude)

5000 380 0.5 20

Equipment

See [l p.323.

The following issues should also be considered in aeromedical transfers:
o Weight and compatibility

e Power and batteries

e Gas must be stowed securely but be accessible if needed

e Vibration

o Safety: aviation approved electronic devices only should be used

o All equipment must be appropriately stowed and restrained.

Choice of aircraft
Both fixed wing and rotary wing aircraft (helicopters) may be used for air
transport. For longer journeys (flying time >3h) or over water, fixed wing
aircraft are preferred.
o Helicopters:

* Usually unpressurized
Relatively slow: Sea King cruising speed 100 knots; other air
ambulance helicopters up to 160 knots
Able to land near or at the hospitals at both ends, so often faster
than fixed wing aircraft for short journeys
May be cramped and limited access to the patient, making
intervention difficult
Noise makes communication difficult, reduces effects of alarms
(must be visual and audible). Staff need to actively listen for alarms
Vibration: affects performance and exacerbates motion sickness;
children with fractures may require additional analgesia; malfunction
of pulse oximeter and NIBP; causes displacement of tracheal tubes,
chest drains, and venous and arterial cannulae
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Extreme cold, especially in winter

High winds may preclude helicopter use

Ideally the aircraft will take off and land from a landing ground
approved for helicopter use adjacent to the hospital. If an
impromptu landing area is being used, the transport team should
wait 50-100m from the edge of the landing ground until the
helicopter has landed. The loadmaster will usually leave the aircraft
and instruct the transport team how to proceed

Helicopters should only be approached from the front in order
to avoid the tail rotor (Box 18.9). Smaller helicopters also pose a
hazard from the main rotor

Box 18.9 Approaching the helicopter

e Do not go under the rotors until clearly beckoned (or thumbs up)

o Usually the loadmaster (winchman) will come out to you

o In the Sea King, the starboard (rear) cabin door is used for stretchers

e The port (front) door—which has steps—may be used for walking
passengers

e Remember that the pilot is still ‘flying’ the aircraft while still on the
ground (unless the rotor has stopped)

e Never go around the back of the helicopter—touching the tail rotor
will kill you

e When ready (loadmaster’s decision), with no loose articles, walk—
don’t run—to the door and load.

o Fixed wing aircraft:
» May be pressurized
* Relatively fast air-speed, but long set up times and transfer to/from
airport mean that overall, fixed wing retrievals may take longer
» Use of airports means that multiple load/unloads are needed
(hospital to ambulance to aircraft to ambulance to hospital)
May be cramped and limited access to the patient
Narrow doors may make loading/unloading a trolley/incubator
difficult
* Less noise and vibration than a helicopter, but these can still be a
problem.
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What to do when it all goes wrong

Inappropriate referrals
e There will be a small minority of referrals where the child does not
appear to be ‘sick enough’ for ICU:
* Ascertain that you have recorded the history accurately
* Determine precisely what is giving the referring team concern
* |s the referring physician of appropriate experience to assess the child?
Referrals should ideally be made at consultant level
» Maintain communication with the referring clinicians, whether or not
the child is accepted for intensive care
o Referrals from a 2" source—i.e. a plastic surgery registrar who accepts
a child with burns and who then phones the PICU ‘for a bed'—should
be discouraged, as there is no opportunity to give advice on stabilizing
the child, and important details may be lost or forgotten. The clinicians
actually caring for the child at the time of the referral should be
contacted for information directly.

Unsalvageable child

Occasionally you will arrive at the referring hospital to find that the patient

has deteriorated and is now clearly not going to survive.

o Make a full assessment and aggressively treat immediately remediable
problems

o Discuss the situation with base, the referring clinicians, and the parents.
Their expectations will guide you

o The situation may be different if the child is referred to a specialist centre,
i.e. for ECMO or neurosurgery, where specialist intervention may be life
saving

e The potential for organ donation should not be forgotten. If organ
donation is a possibility, intensive care will need to be continued.

Death in transit

e This is rare, although there is only anecdotal data on its incidence

o [f the child dies in the back of the ambulance, it is best to go to wherever
the parents are. If the parents are already on their way to your ICU, you
should probably continue there to be with the parents. Alternatively you
may need to return to the referring unit

o In general, deaths occurring during retrieval should be referred to the
coroner.

Further reading

Barry P, Leslie A (2003). Paediatric and Neonatal Critical Care Transport. BMJ Books, London.

Intensive Care Society (2002). Standards for Intensive Care. Intensive Care Society, London.

Jaimovich DG, Vidyasagar D (2002). Handbook of Paediatric and Neonatal Transport Medicine.
Hanley and Belfus, Philadelphia.
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Standard radiography

Radiological imaging has a major role in patient assessment in PICU, as
clinical examination may be limited by patient position, noise from ventila-
tors, alarms, or the environment, and the presence of wounds, drains, or
dressings.

Chest X-ray (CXR)

e The CXR is the commonest radiologic modality in use and is suitable
for intensive care, offering rapidity, portability, and a reasonable
diagnostic yield for most clinical questions raised in critically ill patients

o Bedside chest films should include the upper trachea and larynx, as well
as lung bases and upper abdomen. The patient should be well centred
and all lines and artefacts should be removed from the surface of the
chest. The degree of inspiration and rotation should be considered
and the degree of flexion/extension of the neck noted with respect to
interpretation of ETT position

* Neck flexion will advance the ETT down the trachea

e Routine daily chest radiography has a high prevalence of findings but
less frequently leads to management changes in the absence of clinical
signs and is therefore not recommended

e Equally an intubated critically ill patient with lines and tubes should not
go for days without a CXR.

Indications

e On admission, particularly following cardiac surgery (Box 19.1)

e Post-intubation or following placement or an internal jugular or
subclavian central venous catheter

e To identify position of NG tube if other methods fail

o Investigation of clinical signs (abnormal chest movement, air entry,

adventitious sounds)

Clinical suspicion of pneumothorax

Following thoracocentesis with or without drain insertion

Increasing oxygenation or ventilation requirement

Fever and changes in endotracheal secretions or inflammatory markers

suggesting infection

e Follow up of known intrathoracic disease.

Placement of medical devices

e ETTs may be malpositioned in up to 10%. ETT tip should be located
midway between clavicles and carina

e Endobronchial intubation may result in overinflation of ipsilateral lung
and atelectasis of contralateral lung or in air leak, i.e. pneumothorax,
pneumomediastinum, or SC emphysema

e CXR should include upper abdomen to verify intragastric position of
NG tubes (NG tubes must have radio-opaque portion)

o Chest drain position after insertion for pneumothorax or effusion
may appear acceptable but may be intraparenchymal, in extrathoracic
soft tissue, or sandwiched in a lung fissure. Absence of respiratory
swing, failure to withdraw fluid, lack of bubbling, and/or clinical signs of
ongoing air leak or fluid collection should raise suspicion
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e Routine X-ray after removal of chest drains has a low yield in the
absence of clinical signs

e Re-expansion pulmonary oedema may be seen after drain placement
for effusion or pneumothorax

o Central venous catheter placement may be complicated by
pneumothorax (seen with subclavian lines more commonly than
jugular), malposition, the wrong trajectory, or haemothorax.

Assessment of airways and lung parenchyma

e Pneumothorax: notoriously difficult to identify if anteromedial,
subpulmonic, or loculated; the size on plain film correlates poorly
with clinical significance. May appear only as sharper cardiac or
diaphragmatic outlines and may require CT scan for confirmation.
Mediastinal air may cross the midline or extend into the neck or
abdomen

o Effusions: may be difficult to quantify or localize and may appear only as
uniform haze or opacification. Costophrenic angles generally obscured

o Pulmonary oedema: cardiogenic is associated with cardiomegaly,
vascular prominence, or redistribution, and may be more uniform in
appearance. Non-cardiogenic, usually due to *capillary permeability
(ARDS), is patchy, lacks cardiovascular changes, and may be associated
with air bronchograms

e ARDS: poor correlation between radiologic changes and clinical
condition but useful when new consolidation noted or to follow
progress. Alveolar opacification without cardiomegaly is characteristic.
Associated findings include atelectasis and barotrauma with evidence
of air leak

o Viral pneumonitis: interstitial changes common with peribronchial
thickening. Commonly associated with atelectasis due to endobronchial
plugging and poor collateral air flow

o Basal opacities are common but the extent of the abnormality may be
underestimated on plain X-rays. Loss of hemidiaphragmatic outline
suggests lower lobe pathology

e Whole lung ‘white-out’ is rarely consolidation; more likely to be
atelectasis or effusion/empyema.(but not if develops acutely)

e The majority of air space opacities in ventilated patients are not
pneumonia.

Box 19.1 The postoperative CXR after cardiac surgery

o Provides baseline assessment of mediastinum, heart shape and size

o |dentify and localize ETT, central venous and atrial catheters, drains,
pacing wires, clips, and other intrathoracic devices

o Assess lung fields for atelectasis, or opacification suggestive of
contusion. Infective consolidation unlikely in first 48h

o Pleural fluid likely to be haemothorax in early postoperative period;
transudate common when pulmonary venous pressures remain high
or fluid overload. Chylothorax should be ruled out when persistent.
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Table 19.1 CXR signs

Collapse (atelectasis)

Consolidation

Commonest cause of opacification,
especially LLL, RUL

May occur in any lobe

Loss of volume generally secondary
to bronchial obstruction

No loss of volume: airspaces filled with
exudate, oedema or blood

Mediastinal shift towards collapse

Mediastinal shift uncommon

Segmental, lobar or whole lung

Patchy, homogenous, or irregular;
lesions contiguous to heart or diaphragm
associated with loss of that border

Central location

Peripheral, abutting fissure or pleura

No air bronchograms

Air bronchograms common as air-filled

bronchi outlined against fluid-filled
alveolar spaces

Changes evolve rapidly Changes evolve more slowly

LLL, left lower lobe; RUL, right upper lobe.

Abdominal X-ray

o Relatively few indications on PICU

e Main indication to rapidly rule out perforation or bowel obstruction

at bedside but may give insufficient information as an isolated

investigation

NG or nasojejunal tube placement may be confirmed

Bowel wall thickening non-specific and frequent in critically ill patients

Gas pattern should be described

Gastric dilatation frequently seen after mask ventilation or with CPAP

Air or fluid in the abdomen compress viscera centrally

Free air suggests bowel perforation but difficult in supine patient.

Lateral views (‘shoot through’) may be required

o Paralytic ileus causes widespread bowel loop distension with loops of
colon greater in calibre than small bowel, or can be gasless

o Small bowel distension secondary to obstruction may have a more
organized ‘stepladder’ appearance.

Computed tomography

e Computed tomography (CT) scanning remains one of the most useful
modalities in the ICU, due to its availability and ability to provide
detailed cross sectional images of the brain, chest, and abdomen.
Technological advances with higher resolution and reduced scanning
times have made it an integral part of the emergency management of
the patient with trauma and other acute intracranial, intrathoracic, and
intra-abdominal emergencies

e Multiplanar reconstruction using volumetric data to convert axial to
3D images, is particularly applicable to the study of vascular and
tracheo-bronchial structures
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The pitfalls of CT scanning are related mainly to the need for transfer
from the intensive care department. In an extremely unstable patient
one may have to weigh the risks of transfer against the findings of the
scan.

Chest

Helical CT with rapid multislice systems provides continuous volume
data that can then be reconstructed to study mass lesions, vascular
anatomy, mediastinal and airway disease, lung parenchyma

Rapid scanning minimizes or eliminates respiratory artefact

Most investigations use IV contrast and images acquired within seconds
of contrast injection provide angiographic detail and information on
anatomy and thromboembolic disease

CT angiography permits visualization of central and peripheral vascular
structures and their relationship to tracheo-bronchial tree and lung
parenchyma. Reconstructed images can produce virtual 3D images of
vascular tree and may replace the need for conventional angiography
High-resolution CT with non-contiguous slices is more suitable for
diffuse disease and provides detailed images of the lung parenchyma
and pleura at lower radiation dose

May be helpful when oxygenation and ventilatory requirements
unexplained by plain X-rays or echocardiography

Trauma: essential part of the workup of patients with blunt trauma
where airways or major vascular structure injury is suspected

ARDS: demonstrates non-uniformity of disease and changes seen
when position changed from prone to supine with associated
gravity-dependent atelectasis. New changes identified may signify
superimposed infection. Bronchial dilation and subpleural cysts
associated with prolonged ventilation may be seen

Pulmonary oedema: cardiogenic oedema can be differentiated from
non-cardiogenic oedema due to capillary leak by the prominent
interlobular septal thickening and vascular enlargement seen in the
former

Pleural effusion: size and character of loculated effusions may be better
ascertained with CT

Pneumothorax: if loculated, anterior or subpulmonic, CT provides
information to guide drainage

Pulmonary embolus: CT-angiogram is imaging modality of choice to
identify central and segmental emboli which may be missed on US
Abscess: distribution and character of abscesses well seen, often
localized to upper lobes in immunocompetent and more diffuse and
multilobar in immunocompromised children. Peripheral lung lesions
can be differentiated from empyema

CT-guided diagnostic and interventional procedures may avoid surgical
intervention

Virtual bronchoscopy: 3D reconstruction provides detailed images of
large and small airways and enables highly accurate measurement of
airway calibre and visualization of focal stenoses

3D-CT has the advantage of non-invasively seeing ‘beyond’ areas of
airway obstruction, unlike bronchoscopy, and examines the relationship
of the airways to extra-luminal structures, including mediastinal vessels
and lymph nodes.
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Abdomen
e Abdominal CT is an integral part of the initial workup of the patient
with serious trauma to rapidly identify intra-abdominal injury
* Haemodynamically unstable patients may not be amenable to CT
and require urgent bedside US and/or rapid surgical intervention
o Injury to the liver and spleen are common and easily identified on CT
Retroperitoneal structures well seen on CT including haemorrhage and
pancreatic pathology
o Oral contrast is useful to delineate viscera and IV contrast to identify
vascular, infectious, or inflammatory pathology
e Major role in identification of non-traumatic intra-abdominal pathology,
generally difficult to assess clinically in the critically ill patient
e CT indicated when intra-abdominal or retro-peritoneal sepsis
suspected, i.e. fever, cardiovascular instability, and metabolic acidosis
unexplained by clinical examination, plain radiography, and US.
Abscesses, ischaemia, or infarction can be ruled out
e CT-guided drainage for diagnosis and treatment may avoid surgical
intervention.

Brain
(See [} Chapters 22 and 23.)

CT remains the imaging modality of choice in acute traumatic and non-
traumatic brain injury/encephalopathy. Contrast enhancement is not
routinely required for acute brain injury but is used to address specific
diagnostic questions, i.e. the presence and characteristics of infectious,
inflammatory, or malignant lesions. These include meningitis, abscesses,
malignancies, and vascular malformations. Further study with MRI or angi-
ography is often required in these cases.

e Major advantages include rapid access and rapid study time to establish
intracranial pathology requiring early neurosurgical intervention

e Intracranial haemorrhage, i.e. intraparenchymal, subdural, extradural

and subarachnoid haemorrhage are well seen on CT. Basal and orbital

skull fractures are also identified

Raised ICP may be present in severely brain-injured patients even when

an early CT scans is reported as ‘normal’

» CT does not necessarily exclude raised ICP.

e Routine repeat CT after traumatic brain injury is rarely indicated, and
is infrequently associated with the need for neurosurgical intervention
in the absence of clinical change

o Repeat scanning should be directed by clinical parameters and ICP
monitoring:

» Changes in level of consciousness

* Focal or persistent neurological abnormalities

¢ Intractable intracranial hypertension

* Seizures and haemodynamic changes suggestive of raised ICP

e Patients with non-traumatic neurologic pathology presenting with
altered level of consciousness, seizures, or focal signs are generally
assessed initially with CT scan
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e Space-occupying lesions, cerebral oedema, and parenchymal changes
associated with metabolic disease may be visible on early CT and direct
initial management and the need for further imaging

Box 19.2 Evaluation of the spine in trauma

o Clinical evaluation in the obtunded, intubated child is unreliable and
radiographic study essential

o Plain radiography may be limited in detecting cervical spine fractures,

especially at the levels of C1-C2 and C7-T1

Dynamic fluoroscopic examination of the cervical spine is no longer

standard practice

o Standard CT studies limited to axial images may potentially miss
abnormalities in translation, angulation, and rotation

o CT with reconstructed multiplanar images is the imaging modality of
choice to rule out spinal injury with rapid studies readily performed at
the time of initial trauma work-up

o ‘Reformatted’ or reconstructed CT images enable better assessment

of these variations and provide indirect evidence of ligamentous injury

when bony misalignment or malrotation is present. High resolution

images may reveal small avulsion fractures

MRl is superior at detecting abnormalities of alignment, spinal cord

integrity, and ligamentous and soft tissue injuries. However, high sensitivity

may make non-specific abnormalities difficult to interpret clinically

e MRIis rarely indicated or available in the emergency situation but may
be indicated when clinical examination, X-ray, or CT scanning suggest
ligamentous or cord injury, or instability

o Plain radiography is generally adequate for thoracic and lumbar spine but
CT scan can image the entire spine rapidly with minimal motion artefact.
Axial slices with reformatted and reconstructed views are commonly
obtained at the time of initial CT of brain, chest, and abdomen.

Fluoroscopy
o Fluoroscopy has a number of uses—it generally requires transporting
the patient to the radiology department, though portable units do exist
e Tracheobronchography with non-ionic water-soluble contrast may
provide information about dynamic tracheobronchial disease:
e The patient must be spontaneously breathing through an ETT or
tracheostomy
* Images are acquired in >1 plane after injection of a small volume of
contrast into the trachea
¢ |maging is repeated as different levels of positive pressure are
applied, assessed with a manometer incorporated into the circuit
» The degree of collapse of the trachea and bronchial tree are
recorded and the reversibility with PEEP noted
e Screening a post-pyloric feeding tube into position
o Assessing diaphragmatic excursion when paralysis is suspected —US is
generally used as first-line investigation (see [ p.338).
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Ultrasound

US is used as a diagnostic tool and to aid in specific therapy. Echoes or
reflections of the US beam from tissues with different acoustic properties
yield information on size, shape, and structure of organs and body spaces.
US has an increasing role in the early assessment of the unstable trauma
patient, with its capacity to examine multiple systems at one time at the
bedside. Although less sensitive than CT in trauma and surgical emergencies,
it may be useful when CT is unavailable or delayed.

Advantages

e Portability

e Enables rapid bedside analysis in real time and follow-up

o Avoids the risks associated with transporting the critically ill child to
the radiology suite

o Increases the yield and decreases the complications of several
interventional procedures, e.g. central line placement

e May guide or decrease the need for surgical intervention

o No use of ionizing radiation.

Limitations to optimal acoustic windows

o |nadequate patient positioning

e Dressings, wounds, or drains interfering with probe angle

o Excessive fat

o Air and bone reflect US, limitin