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INTRODUCTION
“The real problem isn’t how to stop bad doctors from harming, even killing, their

patients. It’s how to prevent good doctors from doing so”.1

The past decade has seen an increasing focus on the issue of errors in medicine. In
particular, errors made by doctors, nurses and para-medical staff in hospitals have
received significant attention. The report by the Institute of Medicine in the USA,
aptly titled “To Err is Human”, estimated that between 44,000 to 98,000 hospitalised
patients die annually in the USA as a result of medical errors.2

The Quality in Australian Healthcare Study3 found adverse events (unintended
injury or complication caused by healthcare) occurred in 16.6% of hospital admissions,
with 51% of these adverse events judged to be “highly preventable”. Death occurred
in 4.9% of patients suffering an adverse event, and permanent disability in 13.7%.

In 2000, a report from the United Kingdom4 found that medical errors caused harm
(death and injury) to in excess of 850,000 patients admitted to National Health Service
Hospitals annually. This represents 10% of total admissions.4

Although there has been much discussion and controversy about the methodologies
of some of these studies,5, 6, 7, 8 it is now widely accepted that the risks to patients from
medical errors are significant.

HUMAN FACTORS
“Human factors” can be defined as the study of the interrelationships between

humans, the tools we use and the environment in which we live and work.9 It focuses
on the cognitive and physical abilities of people as they interact with technology. This
is an interdisciplinary field, drawing on knowledge from industrial and software
engineering, psychology, ergonomics, design and management. Collaboration between
human factors scientists and medical professionals developed around the work of
anaesthetists and intensivists, because of similarities between these fields and some of
the industries traditionally studied in human factors.10 A significant consequence of this
collaboration has been the application of human factors models of accident causation
to health care.10

Anaesthetists have been rightly recognised to be leaders in the area of patient safety.
In particular, the specialty has led the way in developments such as the application of
technology to monitoring patients, implementation of safety guidelines, analysis of
closed malpractice claims, simulation and the application of human factors principles

1



2 Australasian Anaesthesia 2005

to analysis of errors.11, 12 Human error has been considered to contribute to critical
incidents in anaesthesia in between 64-83% of incidents, figures based on nine studies
between 1981 and 1993.13 These are similar results to those found in aviation.13, 14 The
high incidence of human error in critical incidents and accidents has led to the
application of particular human factors principles to improve safety in the aviation
industry. It has been recognised that more than just technical training is required to
produce safe aircraft crews! 

The causes of human error include: fatigue, workload, limitations of human
cognitive processes, poor interpersonal communications, flawed decision making
processes, leadership problems and team work issues.15 In aviation, this led to several
developments, including Crew Resource Management (CRM) training, to optimise the
utilisation of human resources on the flight deck and decrease errors.16 It is interesting
to note that whilst CRM today is embraced by aviation, there was initial resistance to
learning non-technical skills by some pilots. They denounced CRM courses as “charm
schools” and “psychobabble”.16 However, acceptance grew after analysis of aircraft
crashes continued to reveal CRM issues as causative factors and as CRM training
became more sophisticated.16

Similarly, in anaesthesia, there is increasing recognition of the importance of non-
technical factors, as well as technical skills and knowledge, in ensuring safe practice.
This has led to research into methods to assess non-technical skills in anaesthesia and
to developing methods for teaching them to anaesthesia trainees. For example, the
Anaesthetists’ Non-Technical Skills (ANTS) behavioural markers system considers
four skill categories (task management, team working, situation awareness and
decision-making) and has been shown to be a valid and reliable method of assessing
these skills.17

“HIGHLY COMPLEX, TIGHTLY COUPLED”
Anaesthesia is described as being a highly dynamic, complex and tightly coupled

activity, similar to aviation. The Operating Room can be considered to be more
complex than a flight deck, because different specialties are interacting to treat a
patient whose state and responses can have unknown characteristics.18 “Aircraft tend to
be more predictable than patients.”19

Complex systems are characterised by having components that interact with multiple
other components in many and often unpredictable ways.20 In anaesthesia, not only do
we interact with highly specialised equipment and technology, but we also interact with
the complexity and unpredictability of our patients’ physiology. The term “tightly
coupled” has been adapted from its original definition in mechanics. Tightly coupled
systems have more time-dependent processes, which cannot wait or stand by until
attended to.20 In anaesthesia, this means that the actions of the anaesthetist will have
an impact on the patient in an immediate, time dependent way. For example, an
intravenous drug is given and there is a quick physiological response by the patient.
Similarly, failure to secure an airway in a paralysed patient leads to prompt, adverse
physiological consequences.

There are also more invariant sequences in tightly coupled systems; for instance, B
must follow A.20 One cannot dawdle off to do XY and Z, whilst leaving B unattended,
without dire consequences. To return to our airway example, one cannot induce and
muscle relax the patient and then leave the airway unattended, whilst proceeding to
insert a central line in the patient or write up a post-operative drug chart.



Accidents are more likely to happen with complex, tightly coupled systems.20 These
systems can “spring nasty surprises”.21

TRADITIONAL VERSUS MODERN APPROACH TO ERROR
The traditional approach to error has been to assume that if people could only be

made to be more careful, to pay more attention and be better motivated, then the
incidence of errors could be greatly reduced and their effects mitigated.22 This
approach puts great emphasis on training, admonition, supervision, punishment and
ever more detailed rules and regulations.22 Blame is attached to those who make errors.
Although this might, at the outset, seem a logical and obvious approach to reduce
errors and improve safety, it has not worked. 

The analysis of accidents in industry, the military and transport systems has led to an
understanding of accident and incident generation which is much broader and all-
encompassing than just focusing on the particular individuals involved. Improvements
in safety in industry have not resulted from admonishing workers and exhorting them
to “try harder”. Accidents are rarely the result of one, single unsafe act, but rather are
often the product of many factors, including organizational, situational, task-related
and personal.10

A more modern approach to error considers that most errors are the result of an
interaction between the design of activities, procedures and objects, such as
equipment, with known patterns of human behaviour. These behavioural patterns
include well-known cognitive limitations of human beings. The psychological pre-
cursors of an error (distraction, preoccupation, forgetfulness, fatigue, stress) are often
the last links in a chain of events leading to an accident or adverse event.10

The term “normal accidents” was used by Perrow20 to illustrate that accidents are
likely to occur inevitably in complex and tightly coupled activities, and should be
viewed as an integral characteristic of these systems.

“Naming, blaming and shaming”
Traditionally, health care has taken what has been called the “person approach” to

errors, with an emphasis on “naming, blaming and shaming” the individual seen as
responsible for the error. As noted earlier, with this approach errors and unsafe acts
have been viewed as reflecting carelessness, inattention, negligence, forgetfulness or
poor motivation.23 Focusing on individuals as being the causes of errors means the “big
picture” is lost. 

Doctors are socialized throughout their training to strive for error-free practice.
Mistakes are seen as being unacceptable and are often interpreted as a failure of
character, where one wasn’t “careful enough” or “hadn’t tried hard enough”.24 This
need to be infallible can make it very difficult to admit to errors. There may be a
tendency to cover up mistakes rather than admit to them.25 This happens for many
reasons, including the fear that one’s colleagues will view one as incompetent or
careless. The corollary of this “myth of infallibility” is that when doctors make errors,
particularly if there is a serious adverse outcome, considerable feelings of shame, guilt,
fear and isolation can occur.26, 27 Indeed, these feelings can be so overwhelming that the
doctor has been referred to as “the second victim”.28 It has been said that, “… medicine
is often driven by the idea that perfection is possible and that mistakes are a personal
and professional failure. This perfection mind-set … is laudable, admirable, and
unworkable”.29
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A more reliable way to improve safety is to accept the limitations on human
performance, accept that errors will occur and, as far as possible, design systems that
promote safety. As Reason states, in discussing aviation safety, “human fallibility is like
gravity, weather, and terrain, just another foreseeable hazard”30

MYTHS ABOUT ERRORS AND BIASES
Some of the myths about errors discussed by Reason31 include:

1. Bad people make errors
Errors can be seen to represent a moral issue, where bad people make errors.23 In

psychology, the terms “attribution theory” and “just world hypothesis” refer to our
tendency to think that if something bad has happened (for example, if an anaesthetist
has made a serious or “bad” error) then that person “deserves” what happened to them
and must have “brought it upon themselves”. In fact, the best people can sometimes
make the worst mistakes, as the “best” people may be performing the most difficult
tasks. Most errors are actually made by “good” people having a bad day.

2. Errors are random and highly variable
This assumes errors occur “out of the blue” and are unpredictable. Actually, most

errors fall into known categories or types of errors, which are similar for a wide spread
of human occupations and endeavours.

3. The errors of highly trained professionals are very rare
Errors are actually very common, but are mainly inconsequential. In aviation, a

study involving observations of errors made by flight crews during scheduled passenger
flights, with extrapolation to worldwide aviation, estimated that each year around one
hundred million errors are made by flight crews, but statistics show there are about 100
major incidents and 25-30 aircraft hull losses per year.32

4. The errors of highly trained professionals are usually sufficient to cause bad outcomes 
Professionals make frequent errors, yet rarely have bad outcomes. This is

predominantly due to:
a. the ability to detect and recover from errors before they cause harm; and,
b. the systems in place to assist professionals in doing this, for example alarms on

anaesthesia monitoring equipment.

There are also biases which affect the way errors are viewed. 

1. Outcome bias
Outcome bias is the tendency to attribute blame more readily when there has been

a serious adverse outcome, than if the same set of circumstances had occurred but the
outcome was relatively minor in severity.33 This was shown in a study of 112 practising
anaesthesiologists, who were asked to judge the appropriateness of care in 21 cases
they were given to review, where there had been adverse anaesthetic outcomes. Some
anaesthesiologists were given the case details coupled with an adverse outcome
involving permanent harm, whilst the others received the same case details coupled
with an adverse outcome involving temporary harm. A significant inverse relationship
was observed between the severity of the outcome and the judgment of appropriate
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care in 71% of the matched pairs of cases. Being told that permanent harm had
occurred as a result of the case resulted in the reviewer of the case being more likely
to be critical of the standard of care, versus being told the harm was only temporary,
even though the facts presented were identical in each case.34

2. Hindsight bias
For those analysing another’s errors or disasters, blessed with the benefit of

hindsight, it is tempting to ask how could the person who made the error have been 
so blind? So stupid? So ignorant? A number of psychology studies have demonstrated
this phenomenon of hindsight bias. One aspect of this is the “knew it all along” 
effect, where observers of past events exaggerate what other people should have been
able to anticipate in foresight.21 With hindsight, the events that occurred appear to 
have unfolded logically, one event leading to another in a linear manner. This is 
very different to the experience of the person involved with the incident at the 
time it occurred, where this linkage of events leading to the disaster was far from
evident:

“Before beholding the mote in his brother’s eye, the retrospective observer should
be aware of the beam of hindsight bias in his own.”21

SYSTEMS APPROACH 
A system can be defined as a collection of components and the relations between

them. In health care there are human components (staff and patients), hardware
components (computers, monitors, paper records, buildings, beds, drugs), manage-
ment components (policies and procedures) and financial components (financial
decisions and budgets). A systems approach to errors involves looking for sources of
error generation inherent in the systems within which humans work. This can include,
for example, looking at: the design of equipment, the way in which the work is
structured, procedural aspects, information availability and communication networks
within organisations. Even though humans may be acting with good intentions, and be
skilled and experienced in their particular work, problems within systems can “call
forth” error behaviour in these workers.22

A misunderstanding of taking a systems approach to errors is that it absolves the
individual of any responsibility. This is absolutely incorrect. In so-called High
Reliability Organizations, which will be discussed later, there is not only a consistent
emphasis on addressing systemic factors to reduce errors, but individuals working in
those organizations are acutely aware of their own individual contributions to safety.29

Doctors and other health care professionals obviously have to uphold the expected
highest standards of performance, and have an obligation to participate in continuing
education to ensure their skills and knowledge are up to date. A systems approach to
safety does not mean staff can simply deny responsibility and “blame the system”. On
the other hand, it does mean that when errors occur, the “big picture” must be
examined.

Constraints on Behaviour
A systems approach to error recognises that there are many “behaviour-shaping

factors” that influence the occurrence of an error. These influences on behaviour are
also known as “constraints”,22 and include:
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1. Constraints from Physical Ergonomics
This will include design of equipment such as monitors (size, shape, legibility of

displays, quality of alarms), anaesthesia machines, infusion pumps, and theatre layout.
These constraints can be used to prevent errors. An example of this is non-
interchangeable gas specific pipeline connectors, which prevent misconnections.

2. Constraints from Availability of Equipment
For example, airway adverse events have occurred when oesophageal intubation has

gone unnoticed in situations, such as Emergency Departments and ICUs, where no
capnography equipment was available.

3. Constraints in Teams
Individual behaviour is influenced by dynamics within teams. For example, the

quality of communication between team members within an operating room can
contribute to errors and adverse events occurring.

4. Constraints from Organisation and Management
These will influence issues such as production pressure, staffing levels, rostered

hours of work, availability of adequate supervision of trainees and budgets influencing
equipment purchasing.

5. Constraints within the Individual
Humans have limitations in accuracy of perception, memory, attention and motor

skills. The interactions between judgment, motivation, emotion and decision-making
processes are complex. 

Our day-to-day activities as anaesthetists are thus impacted upon by many factors,
including at an over-arching level decisions made by hospital administrators and
government. For example, the funding available to purchase equipment, the level of
staffing in theatre, rostering and so on are influenced by these types of decisions, which
are made temporally and spatially distant from the point of immediate patient care.

WHAT ARE ERRORS? 
An error can be defined as a failure of a planned action to be completed as intended

(an error of execution) or the use of a wrong plan to achieve an aim (error of
planning).2 An error can also be an act of commission or omission. Errors are generally
considered to be unintentional and not deliberate. This distinguishes errors from what
are called “violations”, in which usually a choice has been made to deviate from
accepted rules and norms or standards of practice.33

Examples of violations in anaesthesia would include ignoring fasting guidelines for
elective surgery, omitting to perform a pre-operative assessment, and failing to check
the anaesthetic machine prior to commencing an anaesthetic. However, whilst in some
circumstances violations may involve a deliberate flouting of rules, in many situations
there have been contributing factors, such as time and production pressures. 

Classification of Errors 
1. Active and latent errors

Errors may be classified into two broad categories: active and latent.21

Active errors are the events occurring immediately before an incident or accident.
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These are the actions of the people on the front line interacting directly with the
patient, such as doctors and nurses.

Latent errors are problems lurking within systems, which under certain conditions
will contribute to an error occurring. Latent errors may lie dormant in systems for
some time, but given a certain set of circumstances become evident. They are usually
the result of decisions made by managers and administrators, designers of equipment
and maintenance staff. In a sense, latent errors “set the scene” to make it more likely
that an active error will occur. For example, picking up the incorrect ampoule of a drug
out of an anaesthetic drug trolley and administering it is an active error. That a
potentially dangerous drug could come in an ampoule the same size, shape and colour
as a more innocuous drug, and be stored directly next to it in a drug trolley, is a latent
error, as it increases the likelihood of an error ultimately occurring.

2. Types of active errors: slips, lapses and fixation errors
Active errors have been classified into a number of different categories.13,21 Common

errors are what are called “slips” and “lapses”. These involve errors in both conscious
and subconscious (or automatic) cognition13 and are usually the result of attentional
capture associated with either distraction or pre-occupation.21

Slips: The terminology of “slip” is familiar from everyday life, when we have a “slip
of the tongue” or “slip of the pen”, where we say or do something that we had not
intended. In anaesthesia, an example of a “slip” would be turning the wrong knob on
a piece of equipment. This is illustrated by, for example, turning on the nitrous oxide
rotameter rather than the air rotameter which one had intended to turn on. Norman35

described various types of slips, including sequence errors (performing the elements 
of a task but in the wrong order), description errors (using the correct action but on
the incorrect object) and mode errors (correct action used but with equipment in the
wrong mode). 

Examples of these slips in anaesthesia would be:
— sequence error: giving muscle relaxant prior to giving the induction agents
— description error: turning off the oxygen instead of the nitrous oxide
— mode error: attempting to ventilate a patient with a circuit by squeezing the

breathing bag, when the switch to change the circuit from ventilator mode to
breathing bag mode is in fact set to ventilator mode.

Lapses: On the other hand, a “lapse” involves the omission of some intended action.
In everyday life, this could be something such as leaving one’s house without locking
the door. 

In anaesthesia, an example of a “lapse” would be failing to give a particular drug that
one had intended to give. Another example would be placing the non-invasive blood
pressure cuff on the patient, taking a “stat” reading but forgetting to set it to cycle
regularly, so that one is reassured by a consistently “normal” blood pressure (until the
lapse is recognised!)

Fixation errors: Certain types of errors in cognition are more likely to occur at times
of crisis and stress. “Coning of attention”36 under stress is the tendency in a crisis or
emergency to concentrate on a single source of information as the “first come, best
preferred” solution. An illustration of this is seen with passengers in an aircraft crash
persistently struggling to open an aircraft door while ignoring a large hole in the
fuselage a metre away through which they could escape.24 This tendency to get
“cognitively stuck”, as it were, is also called “fixation error”. A fixation error can be
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considered to be the persistent failure to revise a diagnosis or plan, in the face of
evidence that suggests revision is necessary.37

There are three main types of fixation errors:
“This and only this”: Here, there is a persistent failure to revise a diagnosis or plan

despite evidence to the contrary. Available evidence is interpreted to fit this initial
diagnosis.

“Everything but this”: This is the persistent failure to commit to the definitive
treatment of a major problem. A simplistic way to think about this is that it is almost
as if one’s brain is saying “I don’t want this situation to be a major problem so I will
deny that possibility”.

“Everything’s okay”: This is the persistent belief that no problem is occurring despite
plentiful evidence that it is. Abnormalities may be attributed to artefacts or transient
variations. There can be failure to declare an emergency, or accept help when facing a
major crisis.

Fixation errors have been implicated in a number of disasters in other industries. For
example, in 1972 a very experienced flight crew inadvertently flew Eastern Flight 401
into the ground, killing 103, after they became fixated on an indicator light on their
instrument panel that failed to come on after they engaged the landing gear on
approach to the airport in Miami. With the crew’s attention focused on the light,
including looking at it, jiggling and tapping it, removing it and talking about it, they
failed to notice the autopilot had become disengaged and they were losing altitude,
until the instant prior to slamming into the ground.

Fixation error is frequently observed in simulated anaesthesia critical incidents,38, 39

and occurs with both trainee and experienced anaesthetists. This can actually be a very
useful experience in simulation, particularly for developing the awareness in oneself
that this can occur, and what techniques to use to help avoid getting “stuck”.

ERROR SCRIPTS: “All the men and women merely players” 
Bogner40 describes a particular way of understanding how serious errors can occur

repeatedly, via what is called an “error script”, where certain events precede and set
the stage for adverse outcomes.  This is likened to the script for a play, in which those
who commit the active errors can be seen as the “actors” within the particular “error
script”. Focusing on punishing the particular individuals who committed the error, and
removing them from the system, does not fix the problem if the error-provoking and
error-inducing conditions or “script” remain the same.

For example, patients have had chemotherapeutic drugs meant for intravenous use
inadvertently injected into their intra-thecal space. The circumstances in which this has
occurred have usually been situations where a patient was to have received two
chemotherapy agents, one to be administered intravenously and the other intra-
thecally. This error has occurred at least ten times in British hospitals33 and on a
number of different occasions in Australia. This is despite these cases being well
publicised, sometimes with considerable punishment of those involved, up to and
including manslaughter conviction.33

Why has this error re-occurred? If we apply the “error-script” approach to this, we
can see the “script” for this error scenario is in fact the presentation of two drugs, one
intended for intrathecal use and the other for intravenous use, in similar small volumes
and in similar packaging, delivered at the same time to the doctor for administration.
Although a changing cast of “players” has been involved, the error has been repeated.
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One of the human factors approaches to this problem is to “re-write the script”, for
instance by ensuring the drug for intravenous use is only presented in, for example, a
distinctively labelled 50 ml volume bag for intravenous infusion. This would make it
extremely unlikely that a doctor would inject this into the intra-thecal space. Similarly,
multiple drug errors have occurred with potassium, presented in ten or twenty ml
plastic ampoules, being injected inadvertently as a bolus intravenously and even into
the epidural space. An effective solution to this is to present potassium only in a 
50-100 ml bag for infusion, making it much less likely to be confused with other drugs
packaged in ampoules.

THE ERROR TROIKA 
The “Error Troika” is a three-stage model for error management using error

countermeasures16 including:
1. Avoiding error
2. Trapping incipient errors
3. Acting to mitigate the effects of those errors which do occur

This area of how we detect and prevent incipient errors and mitigate the potential
consequences of errors is one in which further information and study is needed.
Although we know a considerable amount as to what constitutes safe practice, and
what sorts of errors can occur, we know less about perceptual and cognitive strategies
that enable us to detect and correct errors in our actions. 

Who among us has not picked up the incorrect syringe, and detected that we have
done so, perhaps just at the point where we were about to inject the drug? We then
replace that syringe back on the drug tray and pick up the correct syringe. This is an
example of “error trapping”. Who among us has not been too generous with the dose
of induction agent, and have corrected the resultant hypotension with a judicious dose
of vasopressor? This is an example of “error mitigation”.

Near misses: free lessons
A near miss can be defined as an act of commission or omission that could have

harmed the patient, but was prevented from completion through a planned or
unplanned recovery.41 Near misses occur with greater frequency than events that result
in actual harm. They are thus a rich source of information about both system
vulnerabilities and our abilities to trap and mitigate errors. There are now over 500,000
confidential near miss reports that have been logged by aviation safety reporting
systems.42 Data from these reports have been utilised in redesigning aircraft, air traffic
control systems, airports and pilot training methods. Research into near misses in
anaesthesia has the potential to yield invaluable information.

HIGH RELIABILITY ORGANISATIONS
Whilst the majority of our patients would consider that when they walk through the

front door of a hospital they are entering a “high reliability organisation”, in fact they
are not.

Successful outcomes rarely call attention to themselves.23 What is it that allows
certain organizations and industries to have excellent safety records? Research over
the past 20 years has focussed on studying safety successes in organisations that
undertake hazardous activities, yet have very low incidences of adverse events.
Through this research, the defining features of High Reliability Organisations (HROs)
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have been elucidated.43 HROs include, for example, aircraft carriers, Western nuclear
power stations and air traffic control systems. On a carrier, powered by a nuclear
reactor, aircraft are fuelled whilst their engines are running, on a deck that is pitching
with the sea!

The features of these organisations include that their staffs are performing complex
tasks under time pressure, and that they carry out these demanding activities with low
incident rates and almost no catastrophic failures over several years. It has been said
that “safety is a dynamic non-event”.44 This means that the continuing absence of
adverse events is a consequence of all the work and energy devoted by these
organizations to creating safety. These organisations are successful at developing
safety “mindfulness”,29 whereby all staff are acutely aware of safety issues and view
their individual work as contributing to this quest for safety. Safety is everybody’s job,
and this is not just a slogan but is woven into all activities from management to workers
at the front line.

HROs make excellent use of a systems approach to errors. They expect errors to
occur, and endeavour to build in robust defences against errors into their systems.
Safety becomes an over-whelming feature of the organisation’s culture. 

CONCLUSION
A modern approach to errors in medicine affords us the opportunity to apply many

of the hard-won approaches to error management from other industries, whilst
recognising the unique aspects of health care. Solutions may lie in a simple re-design
of a piece of equipment or packaging of a drug. Solutions may also lie in more complex
strategies involving, for example, decisions on staffing levels, supervision of junior staff
and simulation training for operating room personnel.

“Just as complex systems threaten to bring us down … so do complex systems bring
us unimagined and probably undeserved bounty.”20
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Initial Airway Management of
Blunt Upper Airway Injuries:  A
Case Report and Literature Review

CLIFF PEADY, MB, BS, DRCOG, DA, FANZCA

Dr Peady is a Visiting Anaesthetist at The Canberra Hospital, where he is currently
Acting Director of the Department of Anaesthetics, and is a Retrieval Consultant with
Southcare Retrieval Service, a helicopter service based in Canberra. His anaesthetic
interests are broad but include trauma and retrieval medicine. 

Introduction
Upper airway injuries due to blunt injury are uncommon, but may be life

threatening, with their potential for rapid deterioration. The method of initial airway
control is controversial. A case report involving the pre-hospital airway management
of a patient with a significant blunt laryngeal injury is presented, followed by a
literature review of the initial airway management of patients with these injuries. A
suggested management algorithm is presented.

Case Report
A 23 year old man had presented to a general practitioner’s surgery at Jindabyne,

close to the New South Wales ski fields. The patient had driven himself in a 30 minute
journey, after being struck on his anterior neck by a snowboard. Shortly before this
event he had consumed a meat pie and a soft drink. On presentation, he was mildly
dyspnoeic when sitting and unable to lie flat, as this resulted in increased dyspnoea. He
had a hoarse voice and was unable to swallow saliva, which he was spitting out and was
moderately blood stained. Intravenous access was obtained, and oxygen administered
via a face mask. Oxygen saturation was 100% with supplementary oxygen and
haemodynamic parameters were within normal limits.

The author (duty consultant for Southcare, which provides a helicopter retrieval
service to Southern NSW and the Australian Capital Territory) was contacted and a
retrieval activated. Due to the distance involved, a response time of one hour was
anticipated. The local medical officer (LMO) was requested to arrange for lateral
cervical and chest X-rays to be performed. She was also given instructions on how to
perform a surgical cricothyroidotomy should airway obstruction occur.

On arrival of the retrieval team the clinical picture was as previously described. A
remarkably calm, but concerned, young man was leaning forward, spitting out blood
stained saliva. He did not appear to be significantly dyspnoeic in this position, but
became quite dyspnoeic on even assuming the upright position. His anterior neck 
was diffusely swollen and exquisitely tender. This prevented palpation of the
laryngotracheal skeleton and detection of crepitus. There were no other apparent
injuries. In particular, his cervical spine was non-tender. His cervical spine X-ray
(Figure 1) showed air in the pre-tracheal tissues, but the laryngotracheal air 
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Figure 1. Lateral cervical X-ray  showing air in pre-tracheal tissues.



column appeared to be intact. No abnormality of the cervical spine was revealed 
and the chest X-ray was unremarkable. It was apparent that this young man had
sustained a significant injury to his upper airway, but the exact level of injury was
unknown. 

Treatment options (as they appeared to the author at the time) were:
1. Observation. Continue oxygen therapy and transfer back to Canberra, a journey of

approximately one hour, allowing for transfer by ambulance from the surgery to the
helicopter landing site. Whilst appealing in its simplicity, the potential for
deterioration with worsening oedema and the limited space for airway manoeuvres
in flight weighed against it.

2. Surgical Airway. The author had never performed a tracheostomy and his only
cricothyroidotomy had been on an unfortunate sheep at an EMST course.
Furthermore, the anatomical landmarks were difficult to palpate, due both to
oedema and the tenderness present.

3. Oral endotracheal intubation under general anaesthesia. No facilities for inhalation
induction were available, but the author performs endotracheal intubation every
day of his working life!

It was decided to follow the third option. Assistance was provided by two Australian
Capital Territory Ambulance Service paramedics. After the patient was pre-
oxygenated for three minutes in the sitting position, thiopentone 450 mg and suxa-
methonium 100 mg were administered, and cricoid pressure applied as the patient 
lost consciousness and was positioned supine. At laryngoscopy the epiglottis was
visible, but the laryngeal inlet was obscured by blood (from a pharyngeal laceration).
A size 7.0 cuffed oral endotracheal tube (ETT) was inserted to a greater depth than
usual (25 cm at lips). This ETT was smaller than usual, to allow for anticipated
narrowing of his airway. Its position was confirmed by end-tidal carbon dioxide
monitoring and auscultation. Anaesthesia was continued with a morphine-midazolam
infusion and transport to The Canberra Hospital was uneventful.

The patient was admitted to the Intensive Care Unit, where ventilation via the ETT
and sedation continued. CT scan demonstrated a comminuted fracture of the cricoid
cartilage and an undisplaced fracture of the thyroid cartilage. Surgical repair was
performed on the next day. After induction of anaesthesia and formation of a
tracheostomy, laryngoscopy and bronchoscopy revealed gross supralaryngeal and
laryngeal oedema. One fragment of the cricoid cartilage was found to be displaced
posteriorly, and there was a defect in the cricothyroid membrane (repaired with a
tissue graft). The cricoid cartilage fractures were reduced and repaired with 4/0
Prolene sutures.

The patient’s postoperative course was uneventful. His tracheostomy was de-
cannulated on day 7. He was discharged on day 10 and, against medical advice, he
returned to snowboarding within 3 weeks. Eleven months after the injury, he under-
went laryngoscopy and bronchoscopy, which showed a polyp on the right vocal cord,
which was removed. The rest of his laryngo-tracheal-bronchial tree appeared normal.
One month after this he was reviewed by the ENT surgeon, and noted to have a “soft
voice” but was otherwise well. He was then lost to follow up, failing to attend further
appointments. However, he telephoned the surgeon’s rooms some three years
following the accident complaining that his voice was not normal. An appointment for
review was made, but he failed to attend.

Blunt Upper Airway Trauma 15



16 Australasian Anaesthesia 2005

Literature Review
Upper airway injuries are relatively rare, mainly because the larynx and trachea are

protected by their position relative to the bony protection of the mandible, sternum
and cervical spine. Estimates of incidence vary widely, from 1:137,000 inpatient
admissions1 to 1:125 trauma admissions.2 An unknown percentage of patients die
before reaching medical attention. Estimates of pre-hospital mortality vary 
between 15%3 and 81%.4 This last figure includes patients with intrathoracic airway
injuries.

Most reports and reviews are from the USA and report both penetrating and blunt
trauma. Most deal with only small numbers of patients — the two largest series from
single institutions present 120 patients over a 23 year interval,5 and 46 patients over 5
years.6 One analysis attempted to overcome the paucity of numbers by retrospectively
examining an inpatient database of some 54 million patients (spread across 11 states of
the USA) for patients admitted with blunt laryngeal trauma.1

Mechanism
Mechanisms of blunt upper airway injury include:

1. Unrestrained occupants of motor vehicles. Sudden deceleration of the vehicle
causes the occupants to be thrown forward, usually with the head and neck
extended, exposing the throat. Contact often occurs with the dashboard or steering
wheel (or airbag in one report).7

2. Pedestrians versus motor vehicles.
3. Motorcyclists — especially “clothesline” type injuries.
4. Direct trauma resulting from interpersonal violence.
5. Attempted suicide by hanging.

While most of these modes of injury involve considerable force, O’Keefe cautions
that even apparently trivial trauma may result in a life-threatening injury.8 Perhaps as
a consequence of the modes of injury, there is a preponderance of males, 77% in one
series1 and 86% in another.6 The average age of patients was 37 and 33 respectively in
these two series.

Location of Injury 
Gussack has reported that 50% of injuries involve the cricoid cartilage and crico-

thyroid membrane, with the remainder evenly distributed between injuries to the
thyroid cartilage and thyrohyoid membrane, and the cervical trachea.9, 10

Complete laryngo-tracheal separation has been reported to occur in as many as 63%
of patients with blunt airway injuries.11 Injuries at the level of the cricoid cartilage are
most likely to be associated with laryngo-tracheal separation.11, 12 The larynx is
connected to the trachea by the cricotracheal ligament, a thin elastic membrane, which
is a relatively weak point.

When blunt injury causes laryngotracheal separation, the airway is often held in
close approximation by peritracheal connective tissue and the soft tissues of the neck
and mediastinum. This situation often allows the airway to remain patent in the short
term provided that spontaneous negative pressure ventilation is maintained.

Diagnosis
While the presence of a penetrating airway injury is usually obvious, a high index of
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suspicion is often required to diagnose patients with blunt airway trauma. Diagnosis is
often more difficult as upper airway trauma is commonly associated with other
injuries, especially closed head injuries, facial fractures, cervical spine injuries, injuries
to the neck vessels and chest trauma. If the patient is intubated for other reasons, the
diagnosis of airway injury may be missed. Cozzi reports the diagnosis of fractured
thyroid and cricoid cartilages with airway compromise only being made after a second
failed extubation in a patient with a closed head injury resulting from a motor vehicle
accident.13 The history of the injury may provide valuable information to the likely
presence of an upper airway injury.

Signs and symptoms may be divided into major and minor. Major signs and
symptoms are suggestive of significant airway injury.2, 14, 15, 16 These major diagnostic
criteria are:
1. Subcutaneous emphysema (which may develop some time after the initial injury);
2. Dyspnoea;
3. Stridor; and
4. Inability to tolerate the supine position.

Fuhrman2 emphasizes that patients unable to tolerate the supine position should be
suspected to have sustained a cricotracheal separation, and should undergo immediate
tracheostomy to secure their airway. Patients with these injuries are not static.
Edwards17 reported three patients who had initially stable airways, but who sustained
respiratory arrests while being evaluated.

Minor diagnostic criteria include local swelling and tenderness, hoarseness of voice,
dysphagia and haemoptysis.

Relevant investigations include:
1. Lateral cervical spine X-rays, which may reveal subcutaneous emphysema and the

presence of cervical spine injuries.
2. Chest X-ray, which may reveal pneumothorax related to upper airway injury, and

the presence of associated injuries.
3. Laryngoscopy, which may be direct or indirect. Indirect laryngoscopy may be

challenging due to poor patient compliance and difficult visualisation. Direct
flexible nasolaryngoscopy usually has better patient compliance, and allows assess-
ment of vocal cord movement, patency of the airway above the trachea and integrity
of the laryngeal mucosa. However, false negatives have been reported18 and caution
in the use of topical local anaesthetic has been advised, because of the risk of
aspiration.2, 15

4. CT of the larynx is the imaging mode of choice. This assesses the integrity of the
laryngeal skeleton.2, 5 However, false negatives can occur, especially when the larynx
and trachea are already splinted by a tracheal tube.6, 13

Classification of Severity of Injury
Schaefer’s classification is most commonly used:5

1. Minor endolaryngeal haematomas or lacerations, without detectable laryngeal
fractures.

2. Laryngeal oedema or haematoma, or minor mucosal disruption without exposed
cartilage.

3. Massive oedema, large mucosal lacerations, exposed cartilage, displaced fractures,
and vocal cord immobility.

4. As per group 3, but with comminuted or unstable fractures.
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Initial Airway Management
The mode of initial airway management is controversial, and in the author’s opinion,

needs to be tailored to fit each individual case. Schaeffer’s classification may assist in
planning treatment, but is of little value to the clinician faced with a patient with a
suspected airway injury prior to investigation.

Treatment options include:
a. Observation, which Schaeffer recommends for patients in Group 1, for a minimum

of 24 hours.5

b. Surgical tracheostomy under local anaesthesia (LA). This is recommended as the
airway management of choice by the majority of authors, for all patients save those
with mild injuries in Schaeffer’s Group 1.2, 5, 6, 11, 16, 17, 19, 20, 21, 22 However, the use of
surgical tracheostomy under LA may be restricted by several factors, including the
requirement for surgical expertise, a need for patient co-operation (may be limited
by patient age, hypoxia or confusion due to other causes), difficult anatomical
landmarks due to oedema or haematoma, and a need for urgency in securing the
airway. Furthermore, should the injury be at the distal tracheal or bronchial level,
then a tracheostomy will be of no benefit.

c. Oral endotracheal intubation under general anaesthesia (GA). This is recom-
mended as the technique of first choice by some authors.9, 10, 12, 14 It is likely to be the
fastest and least invasive mode of securing the airway. Even patients with complete
laryngotracheal separation have been reported to be successfully intubated orally.23

However, cricoid pressure6 and positive pressure ventilation6, 15 are both
contraindicated, as they may cause further airway disruption. 

Gussack9, 10 concludes that oral intubation can be successfully performed provided
that it is done under direct vision only, performed by an experienced practitioner,
and with a smaller tube than normal. However, the practitioner must be prepared
to move rapidly to tracheostomy if intubation proves difficult. He reserves
tracheostomy for patients with obvious severe airway disruption from blunt injury,
those with penetrating injuries opening into the inferior larynx or trachea and for
failed intubation. Other authors caution that oral intubation may result in inability
to pass the tube due to the formation of a false passage or completion of crico-
tracheal separation.2, 5, 6, 11, 16, 19 The mode of induction (intravenous versus inhalation)
is discussed in few of the papers under review. Inhalation induction theoretically
may be superior, due to maintenance of spontaneous ventilation and avoidance of
positive pressure ventilation.6, 15 However, this must be balanced against the risks of
a full stomach, or the presence of an uncooperative patient.

d. Rigid bronchoscopy under GA is recommended by some authors as the best
technique of securing the airway, while simultaneously diagnosing the severity and
level of injury. Theoretically, an inhalation induction may be preferred, for the
same reasons (and with the same risks) as above. It has been particularly
recommended for distal tracheal and bronchial injuries,24 and for airway injuries in
the paediatric population.15, 20 However, a degree of skill and practice, possessed by
few practitioners other than ENT or thoracic surgeons, is required for its use.
Furthermore, should the cervical spine be unstable, its use is contraindicated.

e. Awake fibreoptic intubation is also recommended by some authors.6, 7, 25, 26, 27 For
distal tracheal or bronchial injuries it may well be a method of choice for securing
the airway.20 However, there is a recent case report of three cases of laryngeal
trauma induced in elective intubations in patients with non-traumatised airways,28
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and it is likely that traumatised larynxes are more at risk. While the passage of the
fibreoptic bronchoscope should be non-traumatic, the act of “railroading” the ETT
over it may well aggravate any injury, and has been reported to cause completion of
laryngotracheal separation.11, 22

f. Awake nasal intubation is contraindicated as attempts to pass an ETT blindly can
cause further injury. Attempted blind nasal intubation has been reported to result
in completion of laryngotracheal separation.6

g. Awake oral intubation under direct vision is theoretically possible, but coughing or
gagging could cause disruption of an otherwise patent airway. This is not mentioned
as a technique in any of the papers under review.

h. Surgical or needle cricothyroidotomy is not recommended, as the cricoid is often
the level of the injury, which may well be aggravated.20

i. Percutaneous tracheostomy is also not recommended, as it may result in
aggravating the injury.6, 22

DISCUSSION
Laryngotracheal injuries resulting from blunt trauma are fortunately rare, but may

have dire consequences. A high index of suspicion is required to make the diagnosis,
as they are often associated with other, more obvious injuries such as closed head
injuries, cervical spine injuries, facial trauma, and chest trauma. Conversely, life
threatening injuries may be associated with an apparently trivial injury.

There is controversy regarding the best method of securing the damaged airway. The
majority of authors concur that tracheostomy under local anaesthetic is the “gold
standard” and the safest option. However, where personnel are lacking surgical
expertise, where there is urgency to secure an airway, or where patient co-operation is
lacking, oral intubation under GA is a reasonable option. If personnel skilled in the use
of a rigid bronchoscope are available, then this is a reasonable option (again under
GA) to both diagnose the lesion and secure the airway, provided the cervical spine is
stable.

If oral intubation under GA is chosen, there are theoretical grounds to favour
inhalational induction and preservation of spontaneous ventilation. However, the
presence of a full stomach, an uncooperative patient, or coughing or gagging may
favour intravenous induction, with the proviso that cricoid pressure and positive
pressure ventilation should be avoided when possible.

In the case presented, the author was limited by a lack of surgical skill to perform a
tracheostomy under LA. In retrospect, the application of cricoid pressure had the
potential to aggravate the injury. The choice of ETT size was appropriate. A size 7.0
cuffed ETT is smaller than would normally be chosen for an adult male, but is still of
a sufficient size to permit adequate ventilation and suction. Possibly an even smaller
ETT would have sufficed. A 6.0 ETT was available should the 7.0 have been difficult
to insert. The ETT was placed to a greater depth than usual so that the tip was
hopefully beyond the level of injury, but remained above the carina. In the “out-of-
hospital” setting there was no option to check the position with a flexible
bronchoscope. It should be noted that the author’s “fall-back” technique should oral
intubation have proven impossible, cricothyroidotomy, may well have resulted in
completion of crico-tracheal separation in this case.

A suggested protocol for management of patients with these injuries is given below
(Figure 2).
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Figure 2. Suggested protocol for initial airway management and investigation of patients with suspected
laryngotracheal injuries. (Adapted from Waldron RJ, Young RJ).22
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gating various aspects of burns, including a quest for scarless wound healing. He
continues these research goals whilst working as a staff specialist at The Prince
Charles Hospital, and continues with both national and international collaborative
basic and clinical research programmes. 

Bala Venkatesh is an Associate Professor and Director of Research in Critical Care
Medicine at the Princess Alexandra & Wesley Hospitals, University of Queensland.
His main research interests include tissue oxygentation, cell death in critical illness,
adrenal insufficiency in critical illness, burns and neurotrauma.

Burn injuries represent a major cause of mortality and morbidity, as well as a
significant drain on limited health care resources. Advances in resuscitation, critical
care, protective ventilatory strategies and early debridement complemented by more
aggressive treatment of burn wound sepsis have reduced mortality due to thermal
injuries worldwide. A focus on community education and prevention campaigns has
reduced the incidence of burns in the paediatric population. Burn care, once a
Cinderella specialty, has become a well focused multi-disciplinary specialty in its own
right. The critical care specialist involved in the care of the burn patient has a central
role in the co-ordination of the multi-system disease state that burns represent. 

This review will summarise some of the more significant changes that have occurred
in the field of burn care. These have resulted in improved survival and functional
status. It highlights innovative fields of research which may be responsible for further
improvement in outcome.

Changing epidemiology of burns
WHO estimates that fire-associated burns alone directly resulted in over 320,000

deaths in 2002. In the USA, approximately one million children sustain burns each
year. Mortality in these patients follows a bimodal pattern of early and late deaths.
Causes of early death include refractory shock, inability to obtain a safe airway or
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provide adequate oxygenation, co-existent trauma, non-survivable carbon monoxide
poisoning and decisions that injuries are non-compatible with recovery, leading to
therapy withdrawal. With improved resuscitation strategies, 95% of patients survive
the early resuscitation phase. Late deaths are secondary to sepsis, usually associated
with wound infection, and multiple organ failure.1, 2

Aetiology varies with the patient population and specific at-risk groups. Young
children and the elderly are specifically at risk, which is partly explained by their poor
co-ordination. The at-risk paediatric population also has a bimodal distribution.
Toddlers are unaware of risks posed by “extinguished” campfires, barbeque plates, hot
water and similar heat sources, whilst older children (particularly boys) are knowingly
involved in risk-taking behaviour associated with flames. In the elderly population
(>65 yrs) contact with flame is the main cause of injury, followed by cooking accidents.
Many of these injuries are a reflection of declining physical and psychological ability.3

Age is well recognised as an independent predictor of mortality in this group.4

Advances in fluid resuscitation
The capillary leak associated with an acute burn, compounded by loss of the skin

barrier, causes a vast deficiency of intravascular fluid in the first 24 hours after a burn
injury. Delay in resuscitation can lead to a secondary injury to the burn penumbra,
extending both the depth and size of burn. Both of these are major contributors to
eventual mortality. 

Burn shock was first described by Underhill in the 1930s following his study of the
Rialto Theatre fire, and modern principles of burn resuscitation had their origins in the
Coconut Grove Disaster in the USA. In the early 1940s, Cope and Moore developed a
fluid resuscitation protocol called “body-weight burn budget formula” after their
involvement in the Coconut Grove disaster.5 This was followed by the Evans formula,
subsequently modified to what is now known as the Brooke formula. Baxter and Shires,
following original work on a canine model, developed the Parkland formula. This is the
most commonly used burn resuscitation formula guiding fluid therapy in the first 24
hours post burn injury. The attraction of the Parkland formula lies in its simplicity, ease
of use in the community and delivery of an adequate amount of salt, fluid and free
water therapy. It must be remembered however, that these formulae exist as a
framework and other injuries, such as presence of smoke inhalation, other trauma and
inadequate response to resuscitation may necessitate deviation from the suggested
fluid requirements. These formulae are summarised in Table 1. 

In the first 16 hours following the burn, fluid therapy is solely of crystalloid, with
colloids introduced after this period. Colloids have no advantage over crystalloids in

Table 1
The commonly used crystalloid formulas 

Crystalloid Infusate Formula First 24 hours Second 24 hours
formulas

Parkland Ringer’s Lactate 4 ml/kg/ 1⁄2 total volume given in first 5% Dextrose and
% burn 8 hours 0.5 ml/kg/%burn

and 1⁄2 over the next 16 hours Colloid 
supplementary infusion

Modified Ringer’s Lactate 2 ml/kg/ 1⁄2 total volume given in first 0.3-0.5 ml/kg/% burn
Brooke % burn 8 hours colloid and 

and 1⁄2 over the next 16 hours 5% dextrose 



maintaining circulatory volume in the early resuscitative phase. Concerns about the use
of colloids were raised following the publication of a meta-analysis. (Cochrane Injuries
Group Albumin Reviewers, Br Med J 1998; 317:235-240.) This led to patients receiving
fluid volumes greater than the Parklands formula. This “fluid creep” has the potential
for significant consequences, including abdominal and extremity compartment
syndromes, severe pulmonary insults and extension of burn depth.5 It has now been
recognised that this meta-analysis was flawed, being based on very diverse and old
studies. A recent double-blinded randomized control trial comparing the use of
albumin and crystalloid in the treatment of general ICU patients, confirmed that there
was no detrimental effect associated with 4% albumin, when it was used appropriately
in the general ICU population.6 Whilst the study excluded burns, there is no good data
which supports the exclusion of albumin-based fluid as part of a balanced fluid
resuscitation protocol following initial resuscitation. 

There has been a resurgence of interest in oral resuscitation in the treatment of
moderate burns (<40% TBSA) in the wake of terrorist induced mass burn situations
such as 9/11 and the Bali disaster.7 In the 1960s, Sorensen et al managed all patients
admitted to a burns unit over a 16 month period by oral salt containing fluids. They
reported successful resuscitation of patients with up to 45% TBSA burns with oral
fluids in the majority of patients.8 Unfortunately, details on the volumes required are
limited in the paper, and the incidence of ileus in larger burns may diminish the
applicability of this simple technique in the pre-hospital or mass casualty situation.
This technique may be of use in younger patients with smaller TBSA burn, allowing
more aggressive IV resuscitation of more critically injured patients who are at greater
risk of tissue ischaemia and end organ dysfunction.

Resuscitation with hypertonic saline has been trialled by a number of groups.
Purported benefits include sustained reduction in peripheral and visceral oedema,
improved myocardial function, better organ perfusion and possibly a reduction in the
incidence of compartment syndromes.9-11 However, the potential for renal dysfunction,
increase in intestinal permeability and the lack of a clear positive impact on outcome
have limited the adoption of this form of resuscitation in burns.12, 13 In those studies that
have demonstrated a successful use of hypertonic saline without hypernatraemia, silver
nitrate soaked dressings are often employed. These possibly leach away sodium
through the eschar.14

End points of resuscitation 
The optimal end points for burns resuscitation continue to generate much debate.

Despite the administration of fluid therapy according to prescribed guidelines,
problems frequently noted at the end of the burn resuscitation are generalized
oedema, decreased efficiency of pulmonary gas exchange, hypoalbuminaemia and
intermittent episodes of hypotension and oliguria. Some problems may indicate over
resuscitation, whereas others are suggestive of ongoing hypovolaemia. Clinical
examination, together with assessment of end organ perfusion (urine output 1⁄2 to 
1 ml/kg/hr; intact sensorium), is the minimum assessment possible to guide burn
resuscitation. Pulmonary artery catheters and other more invasive forms of monitoring
of haemodynamic parameters have not been shown to improve outcome in surgical,
medical or burns patients. 

Both subcutaneous and splanchnic oxygenation are sensitive indicators of evolving
haemorrhagic shock, and have been used in burn care to monitor tissue oxygenation
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indices during burn shock and resuscitation.15 Recently, Rivers et al investigated the
use of central venous oxygen saturation (ScvO2) as part of a package to guide therapy
for severe sepsis, and showed an improvement in outcome when it was used in a single
centre.16 However, the role of ScvO2 to guide resuscitation of burn shock is not
established. A single centre Australasian study is planned.

Smoke Inhalation 
Inhalation injury is a major contributor to mortality in burns. The presence of

inhalation injury is a greater contributor to overall mortality and morbidity than either
percentage BSA burn or age. Smoke inhalation is present in approximately 22% of all
burns and increases to greater than 60% when a central facial burn is sustained.
Isolated smoke inhalation injury is uncommon. Whilst the mortality associated with
cutaneous burns has fallen dramatically, a similar trend has not been reflected in
inhalation injury. Difficulties in diagnosis and quantification of the injury and delay in
symptom presentation account for some of these problems. 

The main contributor to the pathophysiology of smoke inhalation is the particulate
matter. Carbonaceous particles, impregnated with a variety of toxins, are carried to the
alveolar level. These particles and associated chemicals induce pulmonary oedema,
can precipitate bronchospasm and induce degranulation and autolysis of pulmonary
macrophages, which rapidly result in hypoxaemia. They can in isolation result in
systemic inflammatory response syndrome (SIRS). Combustion of organic material in
oxygen-depleted environments, such as enclosed spaces, can also result in poisoning by
products of incomplete combustion including carbon monoxide and cyanide, both of
which can be fatal if the diagnosis is missed.

New therapies in smoke inhalation
Smoke inhalation may result in a requirement for mechanical ventilation. Formation

of casts composed of proteinacious exudates and necrotic cellular debris results in
heterogeneous lungs, with some bronchi almost completely occluded and some
normal. Atelectasis, raised airway pressures, shunt and ventilator induced lung injury
occur. Airway and ventilatory management (including indications for tracheostomy) of
these patients are similar to the management of acute lung injury from other
aetiologies. Wide bore tracheostomy tubes, bronchoscopy and airway toilet are needed
more frequently in the smoke inhalation group because of the possible presence of
large airway casts. Some groups have used high frequency oscillatory ventilation in
patients with refractory hypoxaemia following smoke inhalation and have reported
some success, but no randomised studies exist. 

A pro-coagulant tendency has been identified in animal models of smoke
inhalation.18 This is consistent with previous studies which show there is some benefit
from nebulised heparin.19 At present, many studies evaluating the use of both
fibrinolytics and endogenous anticoagulants administered systemically and through
inhalation are underway in animal smoke-inhalation models. Pending the results of
these trials, some recommend the use of nebulised heparin. 

Management of the Burn wound
Topical treatments

Patients with major burns are at risk from both cutaneous and extra-cutaneous
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infection. Prior to the routine use of topical antimicrobial agents (TAAs), burn wound
sepsis was causative in 60% of all burns patient deaths. The routine application of
topical silver nitrate in 196520 rapidly reduced this figure to 28%. This was further
diminished by the addition of mafenide acetate and silver sulphadiazine (SSD) to the
therapeutic armamentarium. Despite these interventions and more potent systemic
antibiotics, infection remains a leading cause of morbidity and mortality in burns
patients.

The rise of multi-resistant and pan-resistant bacteria, such as the Acinetobacter
species, in the burns population has seen the demise of topical antibiotics. Hence a
variety of silver dressings are the mainstay of topical antimicrobials. Silver has broad
antimicrobial gram-negative and positive activities, as well as antifungal properties.
Development of bacterial resistance to silver is uncommon. Topical silver therapy has
limited side effects; silver toxicity or argyrosis is uncommon and resolves with cessation
of the therapy.

The most commonly used antimicrobial in the developed world is SSD. In
Australasia, SSD is combined with chlorhexidine. This improves its anti-microbial
efficacy, but at the expense of a significantly increased cytotoxic profile.21 However, the
pain induced by SSD, the potential for inadvertent dislodgement of the newly
developed keratinocytes with daily dressing changes and the potential delay in wound
closure from its cytotoxic effects have led to a waning of enthusiasm for SSD.
Nanocrystalline silver dressings are now utilised in many countries.22 This unstable
silver is released from a moist fabric mesh, does not have to be washed or scrubbed off
and has an adequate antibacterial and anti-fungal profile. Cerium dressings are
popular in the United Kingdom and there are some reports that their application may
allow chelating of toxic products of the burn wound, diminishing the development of
SIRS in large burn wound.23

Skin substitutes
Early excision of burn wound and provision of skin cover have been shown to

improve mortality in adult burn patients, improve cosmesis and potentially reduce
infection.24, 25 Improved infection control and better anaesthesia and critical care have
allowed surgeons to debride the complete wound in one sitting. However, this
predicates that adequate skin cover is available to cover the wound and, frequently,
there is not enough donor skin to be harvested to cover this newly debrided area. In
this context, biotechnology and skin substitutes have greatly assisted. Although
techniques of very thin donor skin can be applied to allow repeated harvesting from the
same site, frequently wound coverage cannot be achieved immediately. Allograft
(preserved cadaveric skin) is an effective temporary covering, which reduces wound
colonisation, induces neovascularisation and improves subsequent graft uptake, until it
is rejected. 

Alternative Wound coverings
Temporary skin substitutes provide physiological cover, reducing all the physio-

logical perturbations associated with loss of part of the skin, the largest body organ.
This can assist with fluid balance, analgesia and infection control, as well as better
wound bed preparation. There are a number of permanent skin substitutes, derived
from both animal and human tissue. These include Integra™, a combination of bovine
collagen and shark chondroitin 6 sulphate, which can create a new dermis onto which
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thin autograft can be placed, and Transcyte™, a sheet of freeze dried neonatal foreskin
fibroblasts.

Cultured epithelial autograft (CEA) requires a biopsy of the patient’s skin as soon
as possible post-injury. The resultant cells are cultured in the laboratory prior to their
application in a sheet or spray to the same patient. Whilst there are a number of very
keen enthusiasts, no studies have shown an improved outcome with these techniques.
The spray cell technique is not used widely in Australasia.

The hypermetabolic response
Pathophysiology

The initial response post burn injury is a brief period of reduced metabolism, with
low cardiac output, coupled with low extraction fractions of oxygen and impaired
glucose tolerance. This is a classical pattern seen in early shock states. Following the
immediate resuscitation period, this hypometabolic phase converts to a hyper-
metabolic one — the so-called “Ebb and Flow”. The process of healing wounds, heat
losses from denuded skin and replacement of growing tissue, together with a co-
ordinated immune response combined with the endogenous catecholamine excess, all
require huge calorific requirements. The degree of hypermetabolism is proportional to
the surface area of the burn, presence or absence of sepsis and extent of debridement
carried out.26

The vast majority of increased metabolism occurs in liver and muscle and this is
associated with an alteration of ATP utilisation in pathways including proteolysis and
gluconeogenesis. These pathways are partially responsible for the rise in body
temperature of up to 2°C, seen in many patients. Protein loss is prolonged and
significant, continuing for up to a year post injury. Alterations in gut permeability
resulting in a protracted protein losing enteropathy have been described.27 The aims of
the team treating a major burn should include optimisation of the local environment,
appropriate support of the hypermetabolic phase and correction of modulators of
further hypermetabolism, such as burn wound sepsis and endogenous catecholamine
excess. 

a) Environmental modification
The body uses large amounts of energy to maintain normothermia, a problem

compounded by the attempt of the body to raise the temperature to almost 39 degrees.
In large burns, maintenance of a thermoneutral environment dramatically reduces
energy use by the body from 2 to 1.4 times resting energy expenditure.26 Defence of
normothermia should be one of the goals during the initial resuscitation management
in ICU and whilst being optimally and aggressively debrided in theatre. Simple dry
wound dressings such as “Glad Wrap” in the field, warmed fluid resuscitation, single
room temperature control to a thermoneutral environment and cover of all extremities
as soon as possible following dressing changes can achieve the majority of these aims.

b) Dietary support of hypermetabolism
The degree of hypermetabolism varies depending on size of injury, extent of

debridement and the presence or absence of SIRS. A patient with a burn of 40% BSA
can lose up to 25% total body weight within three weeks, if not optimally supported.28

Whilst catabolism is increased, excess feeding can be deleterious. Excess glucose
administration (>5 mg/kg/min) results in fatty liver, increased CO2 production and
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resultant work of breathing. Attempts at equalling the derived metabolic rate using 
a combination of enteral and parenteral nutrition resulted in increased mortality,
diminished immune function and impairment of liver function.29 Optimal practice
includes the commencement of enteral feeds as soon as practically possible with
available enteric formulation. A delay in commencement of feeds increases the risk of
gastroparesis.30 Attempts should still be made to provide the patient’s calculated
caloric requirements, with balanced protein and carbohydrate contents. Carbo-
hydrate enhances insulin production and hence muscle protein synthesis. Protein
catabolism is approximately 50% higher in burn patients compared to fasting healthy
individuals. On that basis, increasing the protein input from the normal recom-
mendations of 1 g/kg to 1.5 g/kg may be beneficial. Even higher ratios have been used
in burned children, but this resulted in increased urea production and no improvement
in muscle mass.

c) Closure of Wound
One of the main engines driving the hypermetabolic response is the burn wound.

Maximising early excision, minimising cutaneous sepsis and early skin cover
dramatically reduce the degree of hypermetabolism.31

d) Endocrine manipulation of hypermetabolism
The cytokinaemia from burn injury contributes to SIRS and hypermetabolism. Their

effects are heightened by the presence of infection and the cytokines which leach from
necrotic cells in the non-debrided wound. There are a number of evidence based
strategies modulating the endocrine response to burn injury, which have been shown
to improve these situations.

Growth hormone
Growth hormone is frequently deficient post burn injury.32 Its effect, directly and

through IGF-1 in health, is to increase appetite, reduce nitrogen losses and speed up
wound healing, decrease respiratory quotient and increase oxygen utilisation.
Furthermore, the anabolic benefits seen in GH administration are largest in catabolic
patients. Data on treatment of paediatric and adult patients with critical illness and
burns are confusing and contradictory. Studies in which critically ill patients without
burns show increased mortality are not reflected in the burns literature.33, 34

Anabolic steroids
Oxandrolone, a synthetic steroid analogue of testosterone with a much diminished

side effect profile, has been shown to improve weight gain and urinary nitrogen
balance. In a recent RCT, the lean body mass and regained weight which occurred with
oxandrolone treatment were maintained at 6 months following cessation of the drug,
whereas lost lean mass had not yet been regained in the control group.35 Other studies
in similar patient groups have shown no increase in liver dysfunction.36

e) Beta adrenergic blockers
The hypermetabolic phase of burn injury is associated with vast increases in

circulating catecholamines. Attempts have been made to modify the hypermetabolic
response through the use of beta blockers. Their benefits include a reduction in
thermogenesis, tachycardia and resting energy expenditure. In a recent study, 25
paediatric patients with large burns (>40%) were randomised to control or oral
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propanolol groups, aiming for a decrease in HR by 20%. Net protein balance increased
by >80% in the experimental group (p=0.002), as opposed to a drop by >20% in the
control group (p=NS). A reduction in resting energy expenditure and HR was also
noted.37

Whilst total blockade of beta adrenoreceptors has been shown to reduce
hypermetabolism in laboratory animals, it also increased the mortality. Acute beta
receptor blockade has been shown to reduce appearance of free fatty acids (FFA),
which raises concerns as FFA is an important substrate in the stressed burn patient.
Furthermore, catecholamines have been shown to induce a direct anabolic effect, so it
is possible that blocking their action could lead to increased protein loss. 

In practice, beta blockers should be considered in burns patients who, after the
initial resuscitation phase, remain tachycardic in the face of appropriate fluid
replacement. Many clinicians aim for a drop of approximately 20% in the basal heart
rate as an appropriate response to therapy.

f) Insulin
Insulin may be used as an anabolic agent. Its use, combined with carbohydrate and

aiming for normoglycaemia, resulted in a reduction in wound healing times and
induced muscle protein synthesis.38, 39 Smaller doses of insulin have been shown to
induce anabolism.

g) Glutamine
Enteral glutamine administration has been an area of research in trauma patients,

and has shown promising results. There is increasing literature supporting its use in
patients with severe burns. A recent small single-centre double-blinded randomised
trial showed a significant reduction in infectious complications and mortality (p<0.05)
in patients with severe burns.40

Conclusion
Burn injury continues to be a major cause of morbidity and mortality in the

paediatric and adult population in both developed and developing countries. There has
been a reduction in the incidence of early deaths, due to improved critical care and
surgical techniques. Late deaths have also declined, due to improved antimicrobial
therapies and dressings. Minimal improvements have been seen with respect to smoke
inhalation, despite many promising animal studies. The chronic morbidity associated
with scar formation, frequently a massive burden in a patient surviving a large burn
injury, continues to be an area of huge research effort. The advent of synthetic
biological membranes and cell culture shows great promise. 

The cost of treating burn injury remains huge and beyond the resources of all but the
most advanced countries. Education, prevention campaigns and smoke detector usage
will continue to be the most cost-effective way to treat these devastating injuries — to
prevent rather than to cure. 

References
1. Housinger TA, Brinkerhoff C, Warden GD. The relationship between platelet count, sepsis, and survival

in pediatric burn patients. Arch Surg 1993; 128(1):65-6; discussion 6-7.
2. Sheridan RL. Sepsis in pediatric burn patients. Pediatr Crit Care Med 2005; 6(3):S112-119.
3. Hettiaratchy S, Dziewulski P. ABC of burns. Introduction. BMJ 2004; 328(7452):1366-1368.



Burns Management 31

4. Ryan CM, Schoenfeld DA, Thorpe WP, Sheridan RL, Cassem EH, Tompkins RG. Objective estimates
of the probability of death from burn injuries. N Engl J Med 1998; 338(6):362-366.

5. Ahrns KS, Harkins DR. Initial resuscitation after burn injury: therapies, strategies, and controversies.
AACN Clin Issues 1999; 10(1):46-60.

6. Finfer S, Bellomo R, Boyce N, French J, Myburgh J, Norton R. A comparison of albumin and saline for
fluid resuscitation in the intensive care unit. N Engl J Med 2004; 350(22):2247-2256.

7. Read D, Ashford B. Surgical aspects of Operation Bali Assist: initial wound surgery on the tarmac and
in flight. ANZ J Surg 2004; 74(11):986-991.

8. Phillips AW. Burn therapy: V. Disaster management — to treat or not to treat? Who should receive
intravenous fluids? Ann Surg 1968; 168(6):986-996.

9. Elgjo GI, Mathew BP, Poli de Figueriedo LF et al. Resuscitation with hypertonic saline dextran improves
cardiac function in vivo and ex vivo after burn injury in sheep. Shock 1998; 9(5):375-383.

10. Elgjo GI, Traber DL, Hawkins HK, Kramer GC. Burn resuscitation with two doses of 4 mL/kg hypertonic
saline dextran provides sustained fluid sparing: a 48-hour prospective study in conscious sheep. J Trauma
2000; 49(2):251-263; discussion 63-5.

11. Kien ND, Antognini JF, Reilly DA, Moore PG. Small-volume resuscitation using hypertonic saline
improves organ perfusion in burned rats. Anesth Analg 1996; 83(4):782-788.

12. Chen LW, Hwang B, Wang JS, Chen JS, Hsu CM. Hypertonic saline-enhanced postburn gut barrier
failure is reversed by inducible nitric oxide synthase inhibition. Crit Care Med 2004; 32(12):2476-2484.

13. Huang PP, Stucky FS, Dimick AR, Treat RC, Bessey PQ, Rue LW. Hypertonic sodium resuscitation is
associated with renal failure and death. Ann Surg 1995; 221(5):543-554; discussion 54-7.

14. Purdue GF, Hunt JL. Multiple trauma and the burn patient. Am J Surg 1989; 158(6):536-539.
15. Venkatesh B, Meacher R, Muller MJ, Morgan TJ, Fraser J. Monitoring tissue oxygenation during

resuscitation of major burns. J Trauma 2001; 50(3):485-494.
16. Rivers E, Nguyen B, Havstad S et al. Early goal-directed therapy in the treatment of severe sepsis and

septic shock. N Engl J Med 2001; 345(19):1368-1377.
17. Cartotto R, Ellis S, Smith T. Use of high-frequency oscillatory ventilation in burn patients. Crit Care Med

2005; 33(3 Suppl):S175-181.
18. Murakami K, McGuire R, Cox RA et al. Recombinant antithrombin attenuates pulmonary inflammation

following smoke inhalation and pneumonia in sheep. Crit Care Med 2003; 31(2):577-583.
19. Cox CS, Jr., Zwischenberger JB, Traber DL, Traber LD, Haque AK, Herndon DN. Heparin improves

oxygenation and minimizes barotrauma after severe smoke inhalation in an ovine model. Surg Gynecol
Obstet 1993; 176(4):339-349.

20. Moyer CA. Some effects of 0.5 per cent silver nitrate and high humidity upon the illness associated with
large burns. J Natl Med Assoc 1965; 57(2):95-100.

21. Fraser JF, Cuttle L, Kempf M, Kimble RM. Cytotoxicity of topical antimicrobial agents used in burn
wounds in Australasia. ANZ J Surg 2004; 74(3):139-142.

22. Dunn K, Edwards-Jones V. The role of Acticoat with nanocrystalline silver in the management of burns.
Burns 2004; 30 Suppl 1:S1-9.

23. Scheidegger D, Sparkes BG, Luscher N, Schoenenberger GA, Allgower M. Survival in major burn
injuries treated by one bathing in cerium nitrate. Burns 1992; 18(4):296-300.

24. Tompkins RG, Remensnyder JP, Burke JF et al. Significant reductions in mortality for children with burn
injuries through the use of prompt eschar excision. Ann Surg 1988; 208(5):577-585.

25. Herndon DN, Barrow RE, Rutan RL, Rutan TC, Desai MH, Abston S. A comparison of conservative
versus early excision. Therapies in severely burned patients. Ann Surg 1989; 209(5):547-552; discussion
52-53.

26. Herndon DN, Tompkins RG. Support of the metabolic response to burn injury. Lancet 2004;
363(9424):1895-1902.

27. Venkatesh B, Gough J, Ralston DR, Muller M, Pegg S. Protein losing enteropathy in critically ill adult
patients with burns: a preliminary report. Intensive Care Med 2004; 30(1):162-166.

28. Newsome TW, Mason AD, Jr., Pruitt BA, Jr. Weight loss following thermal injury. Ann Surg 1973;
178(2):215-217.

29. Herndon DN, Barrow RE, Stein M et al. Increased mortality with intravenous supplemental feeding in
severely burned patients. J Burn Care Rehabil 1989; 10(4):309-313.

30. Raff T, Hartmann B, Germann G. Early intragastric feeding of seriously burned and long-term ventilated
patients: a review of 55 patients. Burns 1997; 23(1):19-25.

31. Hart DW, Wolf SE, Chinkes DL et al. Determinants of skeletal muscle catabolism after severe burn. Ann
Surg 2000; 232(4):455-465.



32 Australasian Anaesthesia 2005

32. Jeffries MK, Vance ML. Growth hormone and cortisol secretion in patients with burn injury. J Burn Care
Rehabil 1992; 13(4):391-395.

33. Takala J, Ruokonen E, Webster NR et al. Increased mortality associated with growth hormone treatment
in critically ill adults. N Engl J Med 1999; 341(11):785-792.

34. Ramirez RJ, Wolf SE, Barrow RE, Herndon DN. Growth hormone treatment in pediatric burns: a safe
therapeutic approach. Ann Surg 1998; 228(4):439-448.

35. Demling RH, DeSanti L. Oxandrolone induced lean mass gain during recovery from severe burns is
maintained after discontinuation of the anabolic steroid. Burns 2003; 29(8):793-797.

36. Murphy KD, Thomas S, Mlcak RP, Chinkes DL, Klein GL, Herndon DN. Effects of long-term
oxandrolone administration in severely burned children. Surgery 2004; 136(2):219-224.

37. Herndon DN, Hart DW, Wolf SE, Chinkes DL, Wolfe RR. Reversal of catabolism by beta-blockade after
severe burns. N Engl J Med 2001; 345(17):1223-1229.

38. Pierre EJ, Barrow RE, Hawkins HK et al. Effects of insulin on wound healing. J Trauma 1998; 44(2):342-
345.

39. Sakurai Y, Aarsland A, Herndon DN et al. Stimulation of muscle protein synthesis by long-term insulin
infusion in severely burned patients. Ann Surg 1995; 222(3):283-294; 94-97.

40. Garrel D, Patenaude J, Nedelec B et al. Decreased mortality and infectious morbidity in adult burn
patients given enteral glutamine supplements: a prospective, controlled, randomized clinical trial. Crit
Care Med 2003; 31(10):2444-2449.



Antiplatelet Drugs

KEITH KELLY, MB, BS, FANZCA
Prince of Wales Hospital, Sydney

Dr Kelly is a Visiting Anaesthetist at Prince of Wales, Sydney Childrens Hospital and
The Eastern Heart Clinic, Sydney. He has an interest in anaesthesia for cardiothoracic
procedures.

INTRODUCTION
In the evolutionary sense, clotting is good for you. A complex system has developed,

involving the coagulation cascade, platelets and fibrinolysis, all interacting and
controlled by local and systemic factors. This benefits the organism by making sure 
that minor, and sometimes not so minor, injuries do not result in uncontrolled
haemorrhage.

Humans have come a long way since this mechanism developed. With increased
affluence has come a change in diet and lifestyle, and modern medicine has ensured
that we live longer. With these changes, there has been an increase in atherosclerosis
and the accompanying diseases: cardiac, cerebrovascular and peripheral vascular.
Platelet aggregation and embolisation is central to these and may result in myocardial
infarction, TIA or CVA. 

Antiplatelet agents act to decrease this aggregation. Platelets have multiple
receptors and enzyme systems which may be manipulated by drugs, which are being
produced to inhibit the process at a number of sites of action including thromboxane
synthesis, the ADP receptor and by acting directly on the GP IIb/IIIa receptor. This
receptor is central to aggregation allowing cross linking of fibrinogen, thus bind-
ing platelets together into aggregates. Drug actions at the multiple sites are
complementary, and patients may be treated with several medications.

Atherosclerosis — Pathology
Endothelial injury is the precursor of atherosclerosis. It is increased by shear stress,

diabetes, cigarette smoking and hypertension. A series of events follows the injury,
resulting in the formation of atheromatous plaques usually located at vessel ostia,
branches or other locations where there is a change in blood velocity. These plaques
may rupture or fissure, exposing subendothelial structures. When exposed to this
abnormal material, platelets may adhere and this is followed by aggregation and the
coagulation cascade to form a haemostatic plug. This plug may occlude the vessel 
or embolise, either of which may produce symptoms. Major clinical manifestations
include: 

• Cerebral arterial: transient ischaemic attacks, ischaemic strokes
• Coronary arterial: myocardial ischaemia and infarction
• Peripheral arterial: intermittent claudication, rest pain, gangrene, necrosis. 
In particular, intracoronary stents act as foreign bodies promoting platelet activity.

Re-epithelialisation may be delayed for some time, leaving the vessel at risk of
thrombosis.

33
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Many compounds are effective in decreasing platelet activity. These include:
• Complementary medications: garlic, gingko, ginseng
• NSAIDs
• Aspirin
• ADP receptor antagonists: ticlodipine, clopidogrel
• GP IIb/IIIa receptor antagonists: abciximab (“Reopro”), tirofiban (“Aggrastat”)
The main focus of this paper will be the GP IIb/IIIa and ADP receptor antagonists.

Several review articles have recently appeared on this topic.1, 2, 3, 4

GP IIb/IIIa RECEPTOR ANTAGONISTS
These include the intravenous agents abciximab, tirofiban and eptifibatide (not

currently available in Australia). There are also several oral agents: orofiban,
xemilofiban and ibrafiban.

Pharmocology
Abciximab 

Abciximab is the Fab fragment of a monoclonal antibody. It is administered
intravenously and has a long duration of action (greater than 12 hours) which may lead
to increased bleeding problems. It causes bradycardia and, being a foreign protein, is
also associated with hypersensitivity reactions. Its use may be decreasing due to these
unwanted effects.

Tirofiban 
Tirofiban is a non-peptide, tyrosine based drug, which is administered intravenously

and excreted by the kidneys. It has more favourable pharmacokinetics than abciximab,
with rapid onset and offset of action. It results in approximately 90% inhibition of
platelet function within 30 minutes of infusion and has a short half life of two hours.
Following cessation of an intravenous infusion, 50% of platelet function is observed at
1.5 hours and 100% by eight hours. Haemostatsis can be expected within four hours. 

Oral agents 
Several oral GP IIb/IIIa receptor antagonists have been involved in unfavourable

trials, including: EXCITE (xemilofiban), SYMPHONY I & II (sibrafiban), BRAVO
(iotrofiban) and OPUS-TIMI 16 (orofiban). A review of 33,326 patients showed a 36%
increase in death, which is statistically significant with a P value of 0.00001. With these
death rates, the drugs probably will not be released in Australia. 

The present use of these drugs is by short term intravenous infusion in percutaneous
coronary intervention (PCI, stents) for treatment of unstable angina.

From the physician’s perspective
Assuming a class effect, the benefits and adverse effects of GP IIb/IIIa inhibitors can

be summarised as:
Unstable Angina/Non-ST-segment elevation myocardial infarction
• significant decrease in MI or death (NNT=77) (Level 1a evidence)
• significant increase in severe bleeding (NNH=1000) (Level 1a)
Percutaneous Coronary Intervention (PCI) 
• significant decrease MI or death (NNT=29) (Level 1a)
• significant decrease in revascularization procedures (NNT=29) (Level 1a)



• significant increase in severe bleeding (NNT=100) (Level 1a)
• abciximab: significant decrease in MI or revascularisation or death compared with

tirofiban (NNT=64) (Level 1b)
(NNT=number needed to treat, NNH=number needed to harm)
A Cochrane Review5 concludes: “Intravenous GP IIb/IIIa blockers reduce the risk

of death at 30 days and markedly that of death or MI at 30 days and 6 months in
patients submitted to percutaneous coronary revascularization, at a price of a
moderate increased risk of severe bleeding. In contrast, in patients with unstable
angina/non-ST-segment elevation myocardial infarction, these agents do not reduce
mortality, only slightly reduce the risk of death or MI, and slightly increase the risk for
severe bleeding.”

From the anaesthetist’s perspective
These drugs have been most studied in the context of cardiac surgery, but data is not

extensive and there is little data relating to use in non-cardiac surgery.
In a cohort study (n=88, 23% on tirofiban), Bizzarri6 studied urgent CABG on

aspirin, heparin±tirofiban. The tirofiban group showed a significant decrease in blood
loss (200 mls), transfusion rate (NNT=3), transfusion volume (3U) and length of stay
LOS (7.5 days) (Level 2b). These results were postulated to be due to “platelet
anaesthesia”. The EPIC study7 involved urgent CABG within 48 hours of abciximab
(2.8% of 2099 PCI patients). There was a trend (P=0.11) to increased death (NNH=5)
(Level IIb). The EPILOG/EPISTENT trial8 involved urgent CABG within 48 hours of
aspirin, heparin±abciximab (1.6% of 5191 PCI patients). In abciximab patients, it
showed a trend (P=0.059) to increased platelet transfusion (NNH=5) (Level IIb), a
trend (P=0.21) to increased surgical re-exploration (NNH=11), a significantly
decreased need for urgent CABG (NNT=112) and a trend to decreased MI or death
(NNT=8).

ADP RECEPTOR ANTAGONISTS
The ADP receptor antagonists clopidogrel and ticlodipine are chemically

thienopyridines. 

Ticlodipine
Ticlodipine has more adverse effects than clodiprogel and thus its use is decreasing.

Compared with clopidogrel, it is longer acting, causes increased neutropaenia and
increased thrombotic thrombocytopenia.

Clopidogrel 
The use of clopidogrel is increasing. In the near future, it may be prescribed for up

to 3 million people in the USA alone. Its cost is approximately $AU1,000 per patient
year. Absorbed orally, the parent drug is inactive and metabolized to an active
metabolite. A loading dose, usually 300 mg, results in action within two hours and has
a peak action at about eight hours. It is a non-competitive antagonist, meaning it acts
for the life of the platelet.

From the physician’s perspective
Clopidogrel usage has been studied in the spectrum of atheromatous disease —
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cardiac, cerebral and peripheral, but especially in relation to PCI, unstable angina and
non-ST-segment elevation MI. Multiple trials involving thousands of patients followed
for months to years have shown risk reduction in ischaemic events, and there are a
number of ongoing trials looking at atrial fibrillation, cerebrovascular events and
peripheral arterial disease, as well as continuing trials in myocardial ischaemia and
percutaneous coronary intervention.

The CURE study9, with a subset of patients who underwent Percutaneous Coronary
Intervention, the PCI-CURE study, has been one of the major studies. Summarising
the results which demonstrate why clopidogrel use will increase:
• CURE: 20% relative risk reduction of first co-primary endpoint (cardiovascular

death, MI or stroke) at 12 months (P<0.001, n=12562).
• PCI-CURE: 30% relative risk reduction for composite of cardiovascular death, MI

or urgent revascularization (P=0.03, n=2658 at 30 days).
The CURE study was conducted in 482 sites in 28 countries, including 742 patients

from 25 sites in Australia. The major complication of clopidogrel treatment was
bleeding, especially gastrointestinal. Major bleeding, requiring significant medical or
surgical intervention was about 35% more likely than with standard therapy, and minor
bleeding about twice as likely. 

Patients with acute coronary syndromes are increasingly being treated by their
physicians with clopidogrel. Endothelial hyperplasia may cause stent stenosis, so drug
eluting stents are increasingly popular. However, these delay re-endothelialisation and
so persist for longer periods as an intravascular foreign body. Consequently, the
treatment duration is longer. A “typical protocol” (Clopidogrel Stent Protocol,
Eastern Heart Clinic, Randwick, Sydney) is aspirin 150 mg daily and clopidogrel 
300 mg 2 days prior to stent, then 75 mg per day. 

The duration of therapy is: 
• Normal stent: 1-3 months
• Drug eluting stent: 3-12 months
• Brachytherapy: Lifetime

From the anaesthetist’s perspective
The “bottom line” is that patients have significantly fewer ischaemic events if on

clopidogrel, but have increased bleeding. As anaesthetists, we are being presented with
more clopidogrel taking patients for both emergency and elective surgery.

Clopidogrel and cardiac surgery
The CURE study found no significant excess in “major bleeds” after bypass surgery

in the clopidogrel-treated patients. Discontinuation of study medication for more than
five days prior to surgery (n=910) resulted in no difference in major bleeding between
the two treatment arms (4.4% clopidogrel+standard therapy vs 5.3% standard therapy
alone, NS). Discontinuation of study medication for less than five days prior to surgery
(n=912) resulted in a trend for increased major bleeding (NS), which was within the
same range as in the overall CURE population (9.6% clopidogrel+ standard therapy
vs 6.3% standard therapy alone, P=0.06). 

Yende10 studied CABG patients on clopidogrel, with 94% also on aspirin and 65%
receiving aprotinin with a cohort study (n=247, 21% on clopidogrel). This study found
a significantly increased need for transfusion (NNH=5, Level IIb), significantly
increased usage of: RBC (1.4U), cryoprecipitate (1.2U), platelets (2.6U) and signifi-
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cantly increased surgical re-exploration (NNH=12). At my own institution (Prince of
Wales Hospital, Sydney) similar results are apparent. (See Table 1.)

Clopidrogel and non-cardiac surgery
Unfortunately, while non-cardiac surgery is where the majority of anaesthetists will

encounter patients taking clopidogrel, this is also the area where there is least data.
The present situation might best be summarized by the following caution:

“Anecdotal reports of uncontrollable haemorrhage during surgery associated 
with very recent administration (of clopidogrel) are occurring and caution should 
be exercised even if the drug has been stopped within 7-10 days of surgery.” (Vic-
torian Consultative Council on Anaesthetic Mortality and Morbidity, 2002.
www.health.vic.gov.au/vccamm/warnings.htm)

There are no good controlled trials, but much Level 4 “advice” to discontinue
clopidogrel for 7-10 days prior to surgery:

• “On the basis of its pharmacological properties, it is recommended that
clopidogrel is stopped 7 days before surgery.”2

• “It is recommended that clopidogrel is discontinued 7 days and ticlopidine 10-14
days before elective surgery.”4

• “If a patient is to undergo elective surgery and an antiplatelet effect is not desired,
PLAVIX should be discontinued 5 days prior to surgery.” (Plavix product
information.)

Clopidogrel and Regional Anaesthesia
Cervical epidural haematoma has been described following a cervical epidural in a

patient taking NSAID, aspirin and clopidogrel. There has also been a death following
lumbar sympathectomy in a patient who had discontinued clopidogrel three days prior.
Autopsy showed a 2-3 litre haematoma in the psoas muscle. The American Society for
Regional Anesthesia consensus statements on regional anesthesia and anticoagulation3

suggested:
• The recommended time interval between discontinuation of thienopyridine

therapy and neuraxial blockade is 14 days for ticlopidine and 7 days for
clopidogrel. For the platelet GP IIb/IIIa inhibitors, the duration ranges from eight
hours for eptifibatide and tirofiban to 48 hours following abciximab
administration.

• Conservatively, the consensus statements on Neuraxial Anaesthesia and Anti-
coagulation may be applied to plexus and peripheral techniques. 

What to do when the patient is taking clopidogrel
In all these cases the benefits and timing of surgery, as opposed to the risks

Table 1
Transfusion requirements in Cardiac Surgery, POWH

% patients No antiplatelet Aspirin <4 days Clopidogrel <4 days Tirofiban 
transfused with agents <24 hours

(n=1055) (n=1098) (n=31) (n=40)

Packed Cells 54 49 67 52
FFP 23 15 32 10
Platelets 20 16 51 20
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associated with clopidogrel and the potential risks of stopping the medication, need to
be considered. Where surgery is elective and the reasons for anticoagulation are valid,
alternate anticoagulants may be required perioperatively if clopidogrel is stopped. 

It would be reasonable to proceed where bleeding was not likely to be problem and
could be easily controlled, or where the surgery cannot wait.

For the first 24-48 hours, platelet transfusion may be less effective, due to the
presence of drug and/or metabolites. After 48 hours, platelet transfusion is likely to be
more effective. After four to five days, there will be considerable improvement in
coagulation; cardiac surgery should be uneventful, but regional anaesthesia will still be
a problem. After seven to ten days, the patient’s coagulation should be back to normal.

Summary
A reasonable approach for anaesthetists to take in relation to these drugs is

summarized as “Take Home Messages” in Table 2. It is likely that direct thrombin
inhibitors will soon be in clinical use.
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Introduction
Malignant Hyperthermia (MH) is a rare pharmacogenetic disorder. Ever since it was

first described, a foolproof diagnostic test for MH has been sought. However, this has
been no easy task. 

An MH reaction is a clinical chameleon, with fulminant clinical presentations
marked by variable non-specific signs that have historically resulted in up to 70%
mortality. Susceptibility cannot be diagnosed by clinical examination, and it demon-
strates considerable genetic heterogeneity with variable penetrance. The diagnosis and
follow up investigation of MH represents a complex challenge that is as interesting as
it is frustrating. Nevertheless, important steps have been made over the last four
decades. This paper aims to summarise the progress so far, particularly for those
anaesthetists who are not directly involved in the testing of MH patients.

Why should we test for MH?
The question may be asked, given that the In Vitro Contracture Test (IVCT) is an

invasive and costly procedure that is neither 100% sensitive nor specific, why bother
with the IVCT at all? Why not use a non-invasive test instead? A Devil’s advocate may
argue that, with the ability to avoid triggering agents, the easiest solution would be to
label all at risk patients as MH susceptible (MHS), and treat them accordingly.

Despite its shortcomings, an IVCT result may be of great benefit to the family of a
tested proband or close relative. A negative result allows all of the progeny of a
proband to avoid further testing. Furthermore, abandoning MH testing would result in
an ever-increasing population for whom volatile-free anaesthesia would be mandatory.
This is a costly proposition, would burden many adults unnecessarily with the MHS
label, and would make anaesthesia for at risk children considerably less flexible.

As this paper outlines, despite improvements in both the understanding of MH and
the tools to investigate it, there is not yet a validated alternative to replace IVCT as our
standard test. The future development of non-invasive (in particular genetic) tests
relies on a diagnosis based on the IVCT. Linkage analysis (see below) requires an
independent confirmatory test before a mutation can be considered causative and used
as a screening test for MH.

41



42 Australasian Anaesthesia 2005

Diagnostic Testing
An ideal diagnostic test will have high sensitivity (the ability to pick up all true cases,

i.e. low false negative rate) and high specificity (the ability to pick up only true cases,
i.e. low false positive rate). Diagnostic tests in a clinical setting are, however, rarely
perfect. 

Given the invasive nature of IVCT, efforts have been directed at a non-invasive
diagnostic technique. Prior to the availability of the IVCT, these included tests of red
cell and platelet function, anthropometrical analysis and electromyography. None 
have proved adequately sensitive or specific.1 Other widely available tests that 
have been considered include histopathology and elevated creatine phospho-kinase
levels.

Histopathology
Mezin et al2 described significant differences in the histological properties of MHS,

MHE and MHN muscle specimens. The presence of a tetrad of non-specific lesions
(muscle fibre atrophy or hypertrophy, numbers of internal nuclei and myofibrillar
necrosis) was noted only in their MHS group (in 35%) and not in the MHE or MHN
group. No specific histopathological finding has yet been associated with MH. Follow-
ing these findings, von Breunig et al3 investigated a large sample of patients suspected
of MH. In contrast to Mezin et al’s results, no significant differences were found in
each diagnostic group’s histology and, interestingly, no subject in any group exhibited
the tetrad of non-specific changes.

Whether or not a specific MH myopathy exists remains controversial. To date,
results demonstrate poor sensitivity and specificity, even where there are statistically
significant differences between groups. Therefore, the role of histological examination
in MH diagnosis appears limited. The principal benefit may be in diagnosing
previously unrecognized specific myopathies.

Elevated Resting Creatine Phosphokinase Levels
Creatine phosphokinase (CK) is an enzyme found in striated muscle. Its primary

function is to maintain the energy balance between resting and exercising muscle.
Serum CK levels may be elevated in many pathophysiological conditions, including
statin drug use, post-exercise, myopathies (e.g. Duchenne Muscular Dystrophy (DMD)
and Central Core Disease (CCD)) and trauma.

Given that some myopathies are associated with elevated resting CK levels and the
theory (now disproved) that myopathy of any kind increases the risk of MH
susceptibility, the association of MH susceptibility with high resting CK levels has been
considered. Results, and conclusions drawn, vary significantly in trials comparing CK
levels with the IVCT. 

Ellis4 stated that elevated CK levels “may be useful for screening in those few
families in which people susceptible to MH have high CK levels”. However, Paasuke
et al5 concluded on the basis of their investigation that, “diagnosing MH susceptibility
by … serum CK level must be abandoned”. More recently, Weglinski et al6 advised
that, “Individuals with high CK levels must be treated as MHS until proven otherwise”,
despite acknowledging serious methodological flaws in their study. Overall, the
balance of opinion leads to the conclusion that serum CK levels are not sensitive or
specific enough to be useful for diagnosis in individual patients. 



In vitro contracture testing: The Standard
IVCT History

In 1970, Kalow et al7 described the first in vitro test for MH based on the knowledge
that isolated muscle contracts in the presence of caffeine and that MH reactions were
usually accompanied by severe muscular rigidity. Muscle sampled from patients who
had survived fulminant MH reactions was exposed to caffeine and halothane.
Significant increases in tension with exposure to caffeine (and potentiation with the
addition of halothane) in test cases were noted in comparison to controls. 

In 1971, Ellis et al8 expanded on Kalow’s work with exposure to halothane,
methoxyflurane, suxamethonium and lignocaine at body temperature. Positive results
corresponded well with positive family history of MH and elevated CK levels. Ellis’s
work is the basis of the present IVCT used throughout Europe and Australasia. 
In 1984, the European MH Group (EMHG) published a protocol for IVCT9 to
standardize investigation throughout different testing facilities. All of the Australasian
testing centers (Melbourne, Palmerston North, Perth and Sydney) use the EMHG
IVCT protocol. A separate North American MH Group (NAMHG) protocol exists.

EMHG IVCT protocol
In summary, biopsy of vastus medialis or lateralis occurs under non-triggering

anaesthesia. Muscle tension is measured while caffeine or halothane is added to 
the tissue bath in incremental concentrations. Tissue viability is maintained by
carboxygenation and confirmed by repetitive electrical stimulation. Three tests are
performed: static caffeine (SC), static halothane (SH) and dynamic halothane (DH). 

The “threshold” is the lowest drug concentration at which a sustained increase of at
least 0.2g baseline tension occurs. A test is positive if the threshold occurs at or before
2% v/v halothane or 2 mmol/l caffeine. Three diagnostic test results are possible. MH
Susceptible (MHS) individuals have positive halothane and caffeine thresholds. MH
Normal (MHN) individuals have negative halothane and caffeine thresholds. MH
Equivocal (MHE) individuals have either a positive caffeine or halothane threshold,
but are clinically regarded as MHS. Only abnormal muscle contracts with halothane
exposure, but even normal muscle will usually contract in response to high caffeine
concentrations.

Given that IVCT is not only invasive, but is also a costly and scarce resource, careful
consideration is given to which family members are tested first. Children under 10 yrs
are not considered suitable for IVCT.

Accuracy of the IVCT under the EMHG protocol
It is inherently difficult to accurately assess the sensitivity and specificity of a

diagnostic test such as the IVCT, where no proven alternative exists. Led by Ording,
the EMHG performed a comparison of IVCT results from patients with previous
fulminant MH reactions (MHS group) and a group of low risk subjects (controls).10

MHS diagnosis was confirmed on the basis of a high score on the MH Clinical Grading
Scale (MHCGS)11 that predicts the degree of likelihood that clinically fulminant
reactions truly represent MH.

Results estimate that the (EMHG) IVCT has at least 99% sensitivity and 94%
specificity. It should be emphasized that the EMHG IVCT thresholds have been
deliberately set to reduce the clinically dangerous result of a false negative. It is
accepted that to maintain high sensitivity that there must be some trade-off in
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specificity. Several reports of false negative IVCT results have been published.12 On
careful examination, the EMHG protocol had not been rigidly adhered to, and this
finding appears to exonerate the IVCT.

While the validity of the MHCGS has not been formally tested, the lack of any
reports where patients diagnosed MHN have subsequently had MH reactions supports
the excellent reported sensitivity. Some consider that the estimated specificity of 94%
is unduly optimistic. This may in part relate to IVCT results derived from patients with
known or occult neuromuscular diseases other than MH. IVCT for this subgroup of
patients is considered to be non-specific.13.

The problem with MHE
The single biggest “thorn in the side” of the IVCT is the MHE result. It remains

uncertain what this result means in terms of real clinical risk. While experts
recommend the conservative approach of considering MHE as equivalent to MHS,
there is little to support this in the literature. The MHE group probably contributes a
significant number of false positive IVCT results. This contention is based on the
relative paucity of causative mutations (5%, local unpublished results) found in MHE
patients and few case reports of clinically fulminant MH reactions in this group. 

Attempts have been made to further separate MHE test results using additions to
the standard IVCT. The plant alkaloid ryanodine has been investigated. Wappler et al14

demonstrated that its use can differentiate the majority of standard MHE results as
either MHS or MHN. The use of ryanodine is now recommended as an optional extra
IVCT testing agent by the EMHG, but is not yet a formal requirement. Similar trials
with 4-chloro-m-cresol (4CmC) have failed to clearly differentiate MHE results.15

The Genetics of MH: DNA Analysis
With its introduction into MH investigation, it was hoped that DNA analysis would

be the panacea for the problems associated with the imperfect and invasive IVCT.
However, the genetics of MH have proven much more complex than had been hoped
and its practical applicability is, as yet, limited.

General Genetic Theory & Techniques
Television crime programs invariably portray “DNA fingerprinting” as easy, akin to

ordering coffee and doughnuts, available at the drop of a hat, and miraculously never
failing to “collar” the bad guy. This portrayal belies the time-consuming, expensive and
complicated process that is faced in reality.

Like most medical specialties Genetics embraces large amounts of jargon. To this
end a glossary is provided below.
Allele: Alternative forms of the same gene 
Autosomal: Pertaining to chromosomes other than the sex chromosomes 
Discordance: Disagreement between the phenotypic test result and the

genotype. May be due to a false positive or a false negative test
result.

Exon: The region of a gene that actually contains the coding sequence.
Exons are separated by introns, which are regions that do not
contribute to the final gene product. 

Gene: Unit of inheritance composed of DNA, with a specific function.
Most genes contain information for making specific proteins.



MH Investigation 45

Genetic Marker: A polymorphic segment of DNA with a known physical location on
a chromosome whose inheritance can be followed. Can be part of
a gene.

Locus: Unique chromosomal location that defines the specific gene or
DNA sequence.

LOD score: A statistical estimate of whether two loci are likely to lie near each
other on a chromosome and are therefore likely to be inherited
together. LOD score of 3=logarithm of the odds (to base 10)
means the odds are 1000:1 in favour of genetic linkage.

Linkage: The tendency for genes and other genetic markers to be inherited
together because of their location near one another on the same
chromosome.

Polymorphism: Genetic characteristic with more than one common form in a
population. Commonly used to describe a mutation without
discernable clinical effect.

Proband: The family member through whom a family’s medical history
comes to light. (Also known as: index case.)

The Process of DNA Analysis
The ultimate goal of a genetic test is to determine the DNA sequence of a disease

causing mutation.
In general, investigation starts with only a disease, identified in the case of MH by

IVCT results. To identify the disease causing gene, linkage analysis is employed. This
uses DNA markers to identify a region of DNA that is inherited with the disease.
Because recombination occurs freely between homologous chromosomes during
meiosis, the closer the marker is to the gene under investigation the more likely it is to
be inherited with it. The marker and disease inheritance are then compared. If certain
statistical criteria are satisfied (see LOD score above), the disease gene can be
identified and tracked through a proband’s pedigree.

Once the disease gene is known, specific mutations are sought. Given that in the case
of the main MH-related gene, a single base substitution in more than 15,000
nucleotides may be the target, this is an enormous task. Although it is possible to
sequence a whole gene and to systematically compare with it with the “normal”
sequence, it is prohibitively time-consuming and expensive to do this on a regular basis.

To narrow down the general location of a mutation, the process of single-stranded
conformation polymorphism (SSCP) analysis is used. This method analyses DNA in
segments of 200-300 nucleotides at a time. The secondary structure of SSDNA is
reliant on its base composition. Any mutation will change the secondary structure of
the DNA. Alterations in conformation tend to affect migration through acrylamide gel,
with visible changes from normal in the characteristic banding pattern on
electrophoresis. Once the presence of a mutation is identified by SSCP analysis on a
specific exon, it can be sequenced and precisely identified using a semi-automated
DNA sequencer.

Once a mutation is sequenced, investigators must then confirm that it is causative for
the disease. This firstly requires linkage analysis within the proband’s pedigree, to
determine if the mutation and the disease state are inherited consistently. Secondly,
the normal sequence of the gene must be shown to be highly conserved throughout
other species, so that a mutation could plausibly cause a disease state. Thirdly, the
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mutation should be absent in 100 unrelated controls. The ultimate, but also the most
difficult, confirming step is functional analysis of the mutant protein.

History of MH Genetics
On a molecular level it has long been presumed that the abnormality of muscle seen

in MH lies with calcium regulation. More specifically, the calcium release channel or
Ryanodine receptor (named for its activation by the plant alkaloid ryanodine) of the
sarcoplasmic reticulum was implicated as the “prime suspect”. With the aid of the
extensive work on Porcine Stress Syndrome (the pig equivalent of MH), investigators
began closing in on what was thought to be “the MH gene” in humans.

In 1989, the Ryanodine receptor type 1 (RYR1) gene was sequenced, cloned and
mapped to the long arm (q) of chromosome 19. In 1990, McCarthy et al16 demonstrated
that known genetic markers on a discrete region of chromosome 19q were tightly
linked (i.e. reliably inherited) with the MHS trait in three Irish families. During the
same year, MacLennan et al17 showed that markers for the same region of chromosome
19 were tightly linked (LOD score=4.2) with the MHS trait in Canadian pedigrees. 

The first actual mutation was sequenced from the porcine model in 1991. The same
mutation was then identified in a small number of MH families. Over the intervening
years, an ever-increasing number of RYR1 mutations have been identified (see below).
The molecular pathology of the RYR1 receptor abnormality appears to allow it 
to open to non-physiological stimuli (triggers) and to remain open for abnormal
periods.17

Failure to fulfil potential 
After promising beginnings it was to become clear that the genetics of MH were

anything but simple. Despite significant increases in the understanding of the
molecular pathology of MH, there has been only modest progress in its clinical
applicability. Genetic investigation of MH has not yet fulfilled the potential that many
had hoped for. Although large numbers of RYR1 mutations are known, linkage studies
have determined that MH susceptibility is linked to the RYR1 locus in only about 50%
of affected families. Mutations have been identified in less than 50% of these, although
this could approach 70% with more thorough screening methodology.18 It is dis-
appointing to note that less than a quarter of MH susceptible patients in many studies
have thus far had mutations identified.

Additionally, genetic testing has failed to shed any further light on the true nature
of MHE patients, who remain a clinical headache for MH investigators using the
EMHG protocol. Finally, there have been multiple reports of discordance, causing
confusion as to how confident we can be that genetic diagnosis is a reliable alternative
to IVCT.

Why has DNA analysis failed to deliver?
Structure of the Ryanodine Gene

The sheer size and complexity of the RYR1 gene is an inherent problem. It is among
the largest genes described in humans, consisting of more than 15,000 coding
nucleotides. It is divided into 106 exons, two of which are alternatively spliced. To date
at least 175 RYR1 mutations have been identified in humans. Of these, 78 may be
considered causative for MH. Seventeen are also causal for Central Core Disease
(CCD) and a further 50 are causal for CCD and related disorders alone. Central core
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disease is a myopathy characterised by muscle hypotonia (floppy infant syndrome),
delayed motor development, symmetrical proximal weakness, and raised CK levels.
CCD is often associated with clinical MH susceptibility. Forty-seven are (silent) poly-
morphisms with no discernible clinical effect. Mutations are predominantly clustered
in three parts of the RYR1 gene, in so-called “hot-spots”.19

Discordance
The biggest single impediment to progress in MH genetics is the lack of reliable

phenotyping for the condition. There are many reports of discordance between DNA
analysis and IVCT results.20. Both false positives and false negatives have been reported
(see above).

Given that linkage analysis already incorporates small degrees of uncertainty with
the use of LOD scores, protocols used in proving a mutation causative are con-
servative. If discordance is present (even in a single member of a pedigree), this casts
doubt on the causative nature of a mutation. MacKenzie et al21 demonstrated that by
lowering IVCT thresholds in the NAMHG protocol they could achieve RYR1 linkage
in a large pedigree. Using the original thresholds yielded no consistent linkage. This
work is not directly applicable to IVCT under the EMHG protocol where the MHE
group is the most likely to cause false positive results. Given the degree of uncertainty
of what an MHE result actually represents, local practice is to omit MHE results in
linkage analysis where possible.

Jurkat-Rott et al20 surmise from their results that if it were not for the likely
inaccuracies of IVCT, MH susceptibility could be linked to RYR1 in more than 85% of
families. Multiple mutations may also be contributing to discordance (see unexpected
findings below).

Other possible sites for mutations
So what about the remaining 15%? At least six other genes/loci have been identified

or considered as alternatives that segregate with MHS (when not linked to RYR1).
These include three genes (on chromosomes 1, 7 and 17) coding for subunits of the 
di-hydropyridine (DHP) receptor, which activates the RYR1. Only one of these genes
(on chromosome 1) has had causative mutations identified in a small number of MH
families. Two other loci on chromosomes 3 and 5 (where genes have not yet been
identified), and the possibility of a seventh as yet unidentified locus, have been
published.19

Unexpected Findings
From the time it was first recognised in 1960 as a familial condition, MH has

appeared to follow autosomal dominant inheritance on the evidence of many
pedigrees. This typically has meant that once one parent of the proband is identified
as susceptible, the other is presumed normal. A group of studies has challenged both
presumptions. Mauritz et al22 noted that in 44 families where both parents underwent
IVCT, three families had positive test results in both parents. These authors believed
that these results could be explained by inbreeding in the families concerned. However,
Islander et al12 showed similar results. In 101 Scandinavian MHS probands (where both
parents had IVCT), six sets were both MHS, twenty sets were MHS/MHE and a
further six sets were MHE/MHE. Monnier et al23 also found a similar proportion (six
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of 104 French families where both parents underwent IVCT) of MHS/MHS parents.
Furthermore, they identified RYR1 mutations in both parents for four sets of
apparently unrelated parents.

Explanations that were considered for the Scandinavian results included
inaccuracies in IVCT (especially false positive phenotyping in the MHE group). If the
reported specificities of IVCT are accurate, this cannot by itself explain both parents
being positive in almost one third of families. Furthermore, there is no evidence of
inbreeding using other genetic markers in their study group. Using the French data, it
is postulated that the incidence of MHS genotype is much more common than the
previously estimated 1:10,000 (i.e. it is likely to be closer to 1:2000) and that the degree
of incomplete penetrance has been significantly underestimated. This would explain
both the higher than expected dual family mutation and the low numbers of MH
reactions observed. Finally, Islander et al12 describe two families where the proband
was susceptible (on the basis of fulminant reactions under anaesthesia) and had
MHN/MHN parents. While some uncertainty surrounds these cases, the authors feel
this is “most likely explained by recessive inheritance or the occurrence of new
mutations”.12

These findings have significant bearing on the practical utility of genetic screening.
On this basis, Monnier et al23 recommend that, where possible, both parents of a
proband should be tested and both IVCT and DNA analysis should be employed
whenever possible in each MH family.

Practical Bottom Line of Genetic Testing
The proposed benefits of DNA analysis for MH testing are, firstly, to reduce the

number of patients that must undergo the invasive and imperfect IVCT and, secondly,
to allow testing of those patients not suitable for IVCT (principally the very old and the
very young). However, because of the technical and theoretical constraints detailed
above, DNA analysis has many practical limitations. It cannot be rationally used as the
primary diagnostic test for MH susceptibility. 

While it is technically possible to sequence the full RYR1 gene in any proband (e.g.
a patient who has a clinically suspicious reaction under anaesthetic), it would take at
least three months of fulltime work for a skilled laboratory scientist. If an RYR1
mutation did exist, the chances of finding a mutation should approach 85%. However,
the reality is somewhat less optimistic. The likelihood of finding an RYR1 mutation for
“all-comers” is less than 5%. In this cost-conscious age, a more pragmatic approach is
taken. As a general rule, only probands who are MHS on IVCT are considered for new
DNA analysis. Locally, the investigation is restricted largely to the RYR1 “hotspots”,
and the screening of 15 exons takes up to three weeks for a batch of six different
patients. This carries an estimated 50% chance of finding an RYR1 mutation in the
proband (Personal communication M. Davis, MH Geneticist).

Once a family mutation is discovered and proven causal, DNA analysis for MH
comes into its own. SSCP analysis can be used and a specific change in banding pattern
on electrophoresis can diagnose MH susceptibility in a close family member. This takes
less than forty-eight hours and allows the family member to avoid the invasive IVCT.
However, if the mutation is absent on SSCP analysis, since there is an estimated 6%
probability (see above) of multiple MH mutations, the relative under investigation
must be shown to be MHN by IVCT before they can be safely considered to be not at
risk.
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What does the future hold for DNA analysis in MH?
At present, the use of DNA analysis aids MH diagnosis in a large number of families.

Additionally, it enables diagnosis in the elderly and the very young, who are unsuitable
for IVCT. However, the proportion of families where causative mutations have been
identified remains disappointingly low. While it is reasonable to assume that more
mutations will be discovered, it seems that, clinically, DNA analysis for MH diagnosis
has reached a plateau. It is unlikely that significant improvements will be made until a
test is developed that can produce accurate phentotypes. 

What about “gene therapy” for MH? Gene therapy is in its infancy at present. While
in the distant future it may be possible to replace abnormal RYR1 genes in MHS
individuals, it is unlikely that MH will be prioritised for this very complicated and
expensive process, given that non-triggering anaesthesia is a wholly acceptable
preventative strategy.

Novel Non-invasive tests: The Holy Grail of MH
With the limitations of DNA analysis becoming apparent, investigators have worked

tirelessly to find an alternative (and more accurate) diagnostic test for MH. The elusive
“holy grail” is a highly sensitive, highly specific, non-invasive test.

B Lymphocytes
Sei et al24 first discovered that B lymphocytes express the RYR1 in 1999. It was also

determined that 4-chloro-m-cresol (4CmC), a known RYR stimulant, induced calcium
release from these lymphocytes. It was hypothesised that MHS individuals would
exhibit altered calcium release in this setting. B lymphocytes from MHS, MHN and
normal controls (NAMHG protocol) were stimulated using either 4CmC or caffeine.
Statistically significant differences were found between MHS and MHN group results.
However, the individual ranges overlap significantly, so investigators acknowledge
their inability to clinically discriminate between groups. It is important also to note that
this in vitro model may not be truly representative of calcium regulation in skeletal
muscle. A plethora of genes that may enhance or mitigate an MH response are not
represented in B lymphocytes. This fact, and the small number of MH mutations from
loci other than RYR1, suggest that this test is at present unable to replace the standard
IVCT. 

Myotubes
Advances in biotechnology have now enabled the culture of myotubes for testing

from samples of adult muscle stem cells. Myotubes are effectively fully functional,
multinucleated muscle units. Moderately large numbers of myotubes can be cultured
from a relatively non-invasive needle biopsy. Klinger et al (2002)25 used measurement
of extracellular (EC) pH as an indicator of altered intracellular calcium metabolism to
compare myotubes cultured from MHS and MHN individuals. Briefly, the process
involves enzymatic dissociation of cells from muscle tissue, 4-6 days in a growth
medium, 4-6 days in a differentiation medium, and then testing by exposure to 4-CmC
with pH measurement. Results demonstrate considerable discrimination between
MHS and MHN myotubes on the basis of EC acidification for a range of different 
4-CmC concentrations. The potential benefits for this mode of MH testing include
non-invasiveness, the potential to repeat tests on stored specimens and the ease with
which samples may be sent to distant testing sites. However, numbers in this trial were
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small (n=16), MHE patients were not included and the process is extremely
technically demanding. 

To address some of the concerns above, Girard et al26 measured halothane-induced
increases in intracellular calcium (HII[Ca++

i]) in myotubes taken from MHS, MHE
and MHN patients. Overlaps in the ranges between groups occurred, so a result above
the 95th percentile for the normal group was accepted as MHS. Results regrettably
demonstrate that this test, in its present form, cannot replace the IVCT. A maximum
of 75% of the MHS patients were identified. It remains unknown whether the
remaining undiagnosed 25% were due to false positive IVCT results, or to an over-
estimation of true “normal” HII[Ca++

i]. Nevertheless, Girard’s group remains opti-
mistic about the utility of this test used in conjunction with genetic screening. They
estimate a significant proportion of individuals could be diagnosed MHS without
requiring an invasive IVCT.

Nuclear Magnetic Resonance Spectroscopy
This modality is able to measure adenosine triphosphate (ATP) and other phospho-

monoesters along with pH in muscle non-invasively. Several studies have shown
delayed reconstitution of pH and ATP with increases in phosphocreatine in MHS
patients. Imperfect discrimination, high technological requirements, and low
specificity limit the applicability of this test so far for diagnostic purposes.1

Summary
More than four decades of perseverance by the international MH community has

achieved major advances in our understanding of the molecular pathology of MH.
Improvements in our ability to diagnose MH have been significant, but non-invasive
diagnosis remains limited to a disappointingly small proportion of MH families. For
the moment, the ultimate prize of a “highly sensitive, highly specific non-invasive test”
remains elusive. However, it is hoped that in the not too distant future an accurate
non-invasive diagnostic test will be found and that MH DNA analysis will be able to
realise its full potential.
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The recent controversy regarding the safety of cyclo-oxygenase 2 (COX-2) inhibitors
has highlighted the inadequacies of reporting programmes1 and post-marketing
surveillance of new classes of drugs. In order to explain the controversy, this article will
review the history and development of COX-2 inhibitors and present the evidence that
prompted the widespread withdrawal of many of these agents.

The cyclooxygenase gene was cloned in 19882 and since then, two isoforms of the
enzyme have been identified. COX-1 is expressed throughout the body and plays
important roles in physiological homeostasis such as gastro-intestinal (GI) protection,
renal blood flow regulation and platelet function.3 COX-2 is expressed in inflammatory
cells and is involved in mediating pain and inflammation. It has also been shown to
have a significant role in carcinogenesis.4 Recently, another isoform, COX-3, has been
suggested; proposed as the site of action of paracetamol.5

The development of COX-2 inhibitor drugs was designed to provide the obvious
advantages of non steroidal anti-inflammatory drug (NSAID) use without one of their
more significant side effects, GI haemorrhage. In fact, NSAID induced GI toxicity 
is one of the most common drug related adverse effects in the Western world.6

The theoretical basis behind COX-2 inhibitors is the selective inhibition of COX-2
isoenzyme, without affecting COX-1 isoenzyme. However, this view may be overly
simplistic and misrepresent the true in vivo functions of these enzymes. Both COX-1
and 2 have been found in apparently normal GI mucosa7 and may play roles in mucosal
homeostasis. COX-2 has been found expressed in the edges of healing ulcers and may
be involved in the healing process.

Two large trials (CLASS and VIGOR) published in 2000 demonstrated the efficacy
and lack of GI side effects of COX-2 inhibitors. The CLASS (Celecoxib Long-term
Arthritis Safety Study)8 trial compared celecoxib 400 mg twice daily with diclofenac
(relatively selective for COX-2) 75 mg twice daily and ibuprofen (non selective) 800 mg
three times daily. In this trial, 8059 patients, predominantly with osteoarthritis, were
recruited and treated for 13 months. The incidence of symptomatic and/or complicated
upper GI ulceration was 0.8% in the celecoxib group vs 1.5% in either of the other
NSAID groups (P=0.09). The VIGOR (Vioxx GI Outcomes Research)9 trial com-
pared rofecoxib 50 mg daily with naproxen 500 mg twice daily in 8076 patients with
rheumatoid arthritis, for a period of 9 months. Patients who were on aspirin were
excluded from the trial. The incidence of GI complications (symptomatic ulceration,
perforation and haemorrhage) was again lower in the rofecoxib group (2.1% vs 4.5%
in the naproxen group).
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However, it was in the VIGOR trial that the controversy began in June 2000. It was
noted that the incidence of myocardial infarction (MI) was 0.1% in the naproxen group
and 0.4% in the rofecoxib group (P<0.01). The overall cardiovascular complication
rate (including nonfatal MI, non-fatal stroke and death from any vascular event) was
again higher in the rofecoxib group (0.8% vs 0.4%, P<0.05). The reason for this
difference was unclear at the time and provoked considerable controversy. Neither
VIGOR nor CLASS, were powered to assess cardiovascular adverse events and, in
retrospect, 4% of those patients developing adverse events in VIGOR were those who
would have been candidates for low dose aspirin for the prevention of vascular events. 

In the CLASS trial, patients were not excluded if they were taking aspirin. In fact,
they were allowed to have aspirin up to doses of 325 mg/day. This subgroup constitutes
a large proportion of the study patients (21%). In this study, there were no differences
in the incidence of cardiovascular events between the two groups, but the presence of
aspirin negated the GI-sparing effects of celecoxib in this subgroup.

These two conflicting reports were scrutinized and there were a number of issues
which confounded a clear interpretation. Firstly, the study population was different:
VIGOR enrolled patients with rheumatoid arthritis which promotes thrombosis,10

whereas CLASS predominantly enrolled patients with osteoarthritis. Secondly, it was
unclear whether the adverse effects seen were class specific or drug-specific. Thirdly,
the use of aspirin in the two groups was different. Lastly, the median follow-up time in
the CLASS study is only 6 to 12 months, which may not have been sufficient to detect
further adverse events.

The theory underpinning the apparent increase in cardiovascular complications
remains unclear. While aspirin and conventional NSAIDs inhibit formation of platelet
derived thromboxane and endothelial PGI2 via COX-1 inhibition, COX-2 inhibitors
selectively block both vasodilatory and platelet inhibitory prostaglandins, leaving an
unopposed thromboxane A2 prothrombotic effect. However, this prothrombotic effect
may be attenuated by COX-2 mediated inhibition of vascular inflammation,
improvement in endothelial function and changes in atherosclerotic plaque stability.11

Despite the conflicting results, the US Food and Drug Administration (FDA) was
sufficiently convinced to consult its Arthritis Advisory Committee in February 200112

regarding this new information. In April 2002, the FDA implemented changes in the
drug labeling of rofecoxib (Vioxx®), warning of the increased risk of cardiovascular
events. Since then, a number of studies have been conducted, mostly observational13, 14, 15

and meta-analyses.16, 17, 18 Unfortunately, they provided conflicting results or were
unable to assign causality, especially in the observational studies. 

Recently, Levesque et al19 conducted a population based, retrospective cohort study
where 113,927 elderly patients without previous MI were commenced on treatment
with a NSAID between 1 January 1999 and 30 June 2002. The authors found that
concurrent use of rofecoxib is associated with a higher risk for an acute MI (relative
risk [RR], 1.24, 95% CI 1.05 to 1.46). This increased further if on rofecoxib >25 mg/day.
(RR 1.73, CI 1.09 to 2.76). There was no increased risk associated with celecoxib,
naproxen or meloxicam. In another case control study by Kimmel et al,13 patients on
rofecoxib had a statistically significant greater risk of myocardial infarction compared
to patients taking celecoxib (Odds ratio 2.73 [CI 1.24 to 5.95]; P=0.01).

On 30 September 2004, Merck & Co Inc announced a worldwide recall of rofecoxib20

after the three year safety data from the APPROVe (Adenomatous Polyp Prevention
on Vioxx) trial were analysed. In this long term multicentre double blind study, 2586



patients with a past history of colorectal adenomas were randomised to receive either
placebo or rofecoxib 25 mg daily for 3 years. In the rofecoxib group, 46 patients had a
confirmed thrombotic event (1.5 events per 100 patient-years) compared to 26 patients
in the placebo group (0.78 events per 100 patient-years), giving a relative risk of 1.92
(CI 1.19-3.11; P=0.008). During the first 18 months, the cardiovascular complication
rates attributed to thrombotic events were similar in both groups. However, in the
subsequent 18 months, the increased relative risk emerged with patients in the
rofecoxib group suffering more MI and ischaemic strokes. At five months, there was
also separation of the two groups with respect to the incidences of congestive cardiac
failure and pulmonary oedema, although both groups had similar cardiovascular and
overall mortality.

This study prompted the FDA to announce their intention to carefully review the
safety of all marketed COX-2 inhibitors.21. There was still uncertainty regarding
whether this was an isolated drug effect, limited to rofecoxib, or a class effect which
involves all COX-2 inhibitors. At this point, no evidence so far had implicated
celecoxib as having significant cardiovascular toxicity. This event was soon followed by
an announcement from the US National Institutes of Health in December 2004, that
it was suspending a colorectal cancer prevention trial with celecoxib, on the basis of
increased risk of cardiovascular morbidity and mortality. In this Adenoma Prevention
with Celecoxib (APC) trial, 2035 patients with a history of colorectal adenomas were
enrolled in a study comparing two doses of celecoxib with placebo for the prevention
of colorectal neoplasia. All surviving patients had 2.8 to 3.1 years of follow up. A review
of the cardiovascular safety22 revealed that 7 (1.0%) of 679 patients in the placebo
group, 16 (2.3%) of 685 patients receiving 200 mg celecoxib twice daily (Hazard ratio
[HR] 2.3; 95% CI 0.9 to 5.5) and in 23 (3.4%) of 671 patients receiving 400 mg
celecoxib twice daily (HR 3.4; 95% CI 1.4 to 7.8) developed cardiovascular adverse
events (death, MI, stroke or heart failure). The review also stated that the observed
increase in cardiovascular risk was based on only a small number of events in a trial
that was not designed nor powered to evaluate this risk.

A third study on the safety of valdecoxib and its intravenous pro-drug parecoxib in
the treatment of postoperative pain after coronary artery bypass graft (CABG)
surgery23 demonstrated a cluster of cardiovascular events. In this study, 1671 patients
were randomized to receive intravenous parecoxib for at least three days, followed by
oral valdecoxib, intravenous placebo followed by oral valdecoxib, or placebo through
to day 10 post-operatively. The primary end point was the frequency of adverse events,
including cardiovascular, occurring within 30 days of follow up. Both groups receiving
active drugs had more patients with at least one adverse event (7.4% in each group vs
4.0% in the placebo group; risk ratio [RR] 1.9; 95% CI 1.1 to 3.2; P=0.02).
Cardiovascular events occurred in 2.0% of patients given parecoxib/valdecoxib,
compared with 0.5% of placebo patients (RR 3.7; 95% CI 1.0 to 13.5; P=0.03).

Not all of the trials conducted around this time showed increased cardiovascular
adverse effects with COX-inhibitors. For instance, a separate long term (three years)
study for the Prevention of Spontaneous Adenomatous Polyps (PreSAP) enrolled
patients taking 400 mg celecoxib daily; this group had no increased cardiovascular risk
compared to patients in the placebo group (12 [1.9%] patients in the placebo group vs
20 [2.1%] patients in the celecoxib group; hazard ratio [HR] 1.1; 95% CI 0.6 to 2.3).
These findings were based on the same statistical analyses as the one applied to assess
the cardiovascular risk in the APC trial. In the Alzheimer’s Disease Anti-Inflammatory
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Prevention Trial (ADAPT), 2000 patients at high risk of Alzheimer’s disease were
enrolled. The study compared celecoxib, naproxen and placebo for the prevention of
Alzheimer’s disease. An analysis of 750 patients who were on 400 mg celecoxib daily
did not reveal an increased risk of cardiovascular adverse events. Surprisingly the
authors did detect an increase in cardiovascular risk associated with naproxen use
(naproxen 220 mg twice daily). This finding has since been questioned, as reviews of all
observational studies, post-marketing surveillance data and all published clinical trials
of naproxen did not show any evidence of an increased risk of MI or cerebrovascular
events.

In view of all this new data, the FDA issued a public health advisory (PHA)24 in
December 2004, concerning the use of non steroidal anti-inflammatory drugs
(NSAIDs), including the COX-2 selective agents. This required re-evaluation of all
current studies involving Celecoxib (Celebrex®) and valdecoxib (Bextra®) by their
respective review boards. In a statement on 14 February 2005, the Australian Thera-
peutic Goods Administration (TGA) also introduced new measures, after evaluating
this information. The Australian Drug Evaluation Committee (ADEC) of TGA
recommended a black box warning in the product information of all COX-2 inhibitors,
highlighting the increased risk of cardiovascular adverse events from this group of
drugs. They also recommended patients on more than 200 mg celecoxib or more than
15 mg meloxicam have their treatment regime reviewed.

Other proposals contained with the FDA paper include: 
• Cancellation of registration of the drug parecoxib (Dynastat®);
• Withdrawing the indication “management of arthritis” for the drug valdecoxib,

which is yet to be marketed in Australia;
• Limiting the approved uses of two other COX-2 inhibitors (etoricoxib and

lumiracoxib) which have yet to be marketed in Australia.

Summary
In summary, the question remains how these changes impact on current anaesthetic

practice. NSAIDs have a prominent role in the concept of multimodal analgesia. 
COX-2 inhibitors with their lack of anti-platelet activity at therapeutic dosages,
provide additional options in the management of post-operative pain, especially in
situations where conventional NSAIDs are contraindicated. The extent of risk for the
remaining two COX-2 inhibitors (celecoxib and parecoxib) remaining available in
Australia is clearly unknown and requires further investigation. The duration of
treatment and populations at risk also remain unclear.

The prudent method of COX-2 inhibitor use at this stage involves appropriate
patient selection and using a low dose for the shortest possible duration.
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In the preceding article, Dr Low has provided an overview of the history and
development of the selective inhibitors of cyclooxygenase-2 (COX-2) which promised
so much in the separation of analgesic and anti-inflammatory effects from adverse
gastrointestinal effects, but delivered new problems of potentially disastrous pro-
thrombotic effects. The story of the selective COX-2 inhibitors provides some salutary
lessons about the detection of uncommon adverse events and the importance of post-
marketing surveillance. Looking to the future, this article discusses the potential
avenues of development of new selective COX inhibitors which might deliver safer
analgesic, anti-inflammatory and antineoplastic therapies.

The function of prostaglandins in the mechanism of action of non-steroidal
antiinflammatory drugs (NSAID), and thus the role of COX, was first described by
Vane in 19711 and the COX enzyme was described as having two isoforms in 1990.2 The
basic science behind the “coxib” drugs is 15 years old. In the meantime, the state of
knowledge about the synthetic pathway of prostaglandins and their regulation have
progressed, and a great deal of effort has gone into the further sub-typing of the COX
enzymes.

Molecular Biology of the COX enzymes
The genes encoding the COX-1 and COX-2 enzymes have been sequenced and

mapped in humans and laboratory animals. They are encoded by genes at two distinct
loci, enabling the breeding of mice with deletions of either gene. Soon after the
description of the presence of COX-1 and COX-2 genes, the first description of a splice
variant of the COX-2 mRNA was published3 and subsequently other splice variants of
COX-2 and of COX-1 have been described. These include partial COX-1 (PCOX-1)
proteins, which are smaller proteins expressed from the COX-1 gene.

The COX-1 splice variant 1 (COX-1V1, also called “COX-3” in some papers) is the
best described of the splice variants. It is derived from the COX-1 gene with the
retention of intron-1 in the mRNA (a part of the COX-1 gene which, unlike the exons,
does not code for part of the COX-1 enzyme) and was first described in dogs. The
mRNA expresses a functional protein, which differs from COX-1 in its sensitivity to
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inhibition by paracetamol and some NSAIDs. Thus, it was thought to be a potential
site of action to explain the effects of paracetamol. 

In humans, COX1-V1 is found in the cerebral cortex and cardiac muscle. It has been
studied in more detail in rats where the COX1-V1 mRNA is expressed at the highest
levels in the brain microvasculature and appears to be constitutively expressed, as its
levels do not change in models of inflammation. The significance of this mRNA
expression in rats is uncertain as the length of intron-1 of the COX-1 gene in the rat 
is such that it introduces a frame-shift error when retained, making it unlikely that 
this mRNA can express a functional protein the same way as in dogs. Intron-1 of the
COX-1 gene in humans is 94 base pairs long and so also introduces a frame-shift error.
Studies with antibodies directed against protein expressed by intron-1 confirmed in
humans that a COX-1 variant protein including intron-1 is expressed, however.4

A COX-2 variant was described in cell culture in 1999.5 This is distinguished from
COX-2 on the basis of pharmacological differences. It is not inhibited by aspirin, less
sensitive to NSAIDs than COX-1 or COX-2 and more sensitive to inhibition by
paracetamol. The molecular genetics of this COX variant have not been described and
its physiological significance is unknown.

Physiological studies detected the presence of another COX-2-like enzyme
expressed in a rat model of inflammation in the resolving stages of inflammation.6 This
was not associated with inflammation, but rather with an anti-inflammatory effect. This
enzyme was also referred to as “COX-3” in some papers7 and is inhibited by COX-2
inhibitors and conventional NSAIDs.

Studies of COX expression in models of inflammation serve to illustrate how
complex the range of products of the COX genes might be. The expression of COX
enzymes with different activities in prostaglandin synthesis, different sensitivities to
inhibition and different locations within the cell seem to depend on the cell type, the
specific stimulus to COX induction and the time following that stimulus. Thus, in an
intact animal there are variations in the timing and anatomical location of induced
COX, as well as its activity and the pharmacodynamics of relevant drugs. The work
required to tease out the full detail of this multidimensional system will be immense.

A range of point mutations of the COX genes have also been described with around
40 single nucleotide polymorphisms. These polymorphisms appear to have little
phenotypic significance; there is a low rate of variation in the COX genes within and
between species, reflecting their important role. There is some evidence that there may
be a role of COX gene variants in the risk of development of adenomas, but there is
no evidence of pharmacological significance.

Partial COX-1 proteins have been detected following analysis of the cDNAs derived
from the COX-1 gene.4 The PCOX-1 cDNAs lack exons 5-8 of the COX-1 gene, which
code for part of the substrate binding site of the enzyme and so the PCOX-1 proteins
do not have prostaglandin synthesizing activity. However, they can participate in other
reactions. There are two PCOX-1 variants described, PCOX-1a and PCOX-1b which
differ in the inclusion of intron-1. Their physiological role remains unexplored.

The range of possibilities therefore for pharmacological intervention extends well
beyond a single ratio of inhibition of COX-1 to COX-2 which has thus far described the
available drugs. However, the number of potential enzymatic targets is unknown. Of
the several variations in COX mRNA discovered, only a subset encodes proteins and
possibly only a subset of those proteins are functional. Complete description of the
range of functional COX products remains some way in the future.



The label “COX-3” is somewhat confusing in the scientific literature, having been
used to describe at least two different enzymes. Most commonly, it has been used 
to refer to COX1-V1. The basis for this use is that the original distinction between
COX-1 and COX-2 was a physiological and pharmacological one, and so the
apparently distinctive pharmacology of the COX1-V1 enzyme merits the label COX-3.
Unfortunately the COX-1/COX-2 distinction is also a genetic one and the COX1-V1
enzyme is derived not from a third COX gene which might be termed COX-3, but from
the COX-1 gene.

Integrated models of COX physiology and pharmacology
The simple model of COX-1 as the constitutive COX responsible for the

homeostatic functions of prostaglandins and COX-2 as the inducible form responsible
for inflammation and pain has never explained the range of experimental observations,
but has a certain appeal. It promised a hope that selective COX-2 inhibitors would
provide potent anti-inflammatory and analgesic effects without the adverse effects of
the non-selective COX inhibitors. By the time the coxib drugs were marketed, their
theoretical potential to cause adverse effects though inhibition of prostacyclin
synthesis and a resultant prothrombotic effect, and also their potential interference
with renovascular regulation were well understood. Nonetheless, they captured a great
market share with the implicit promise of being safe and effective.

The most glaring problem with this simple model of COX physiology is its failure to
explain the mechanism of action of paracetamol, which thirty years ago was proposed
to operate by a central effect on COX. In vitro studies of COX-1 and COX-2 have
demonstrated only weak inhibition by paracetamol, though it shares with the COX
inhibitors its antipyretic and analgesic effects. In vitro studies of the effect of
paracetamol on COX may have been confounded by its phenol-like chemical structure,
which imposes technical methodological difficulties. The history of the search for a
mechanism of action for paracetamol is the history of the search for other isoforms of
COX.

With each discovery of a potential or actual new COX variant, there has been
offered the explanation that the new “COX-3” is the site of action of paracetamol. This
provides a simple explanation of three COX enzymes with discrete functions, COX-3
being the isoform in the central nervous system responsible for fever and playing a role
in pain perception. However, neither the molecular biology nor the animal research
supports such a simple explanation. COX-2 is not exclusively inducible but is consti-
tutively expressed in many tissues, while evidence from gene-knockout mice show
COX-1 plays an important role in pain perception.8 Paracetamol does have a
measurable peripheral antiinflammatory effect,9 despite not being a potent COX-1 or
COX-2 inhibitor.

The presence of “COX-3” as COX1-V1, being a CNS variant of COX-1, can explain
the apparent paradox of COX-1 knockout mice having impaired hot-plate nociception,
while administering NSAIDs (which block COX-1 but are less effective on COX1-V1)
to mice does not affect this test. However, the antipyretic effect of the NSAIDs and
paracetamol is probably due to inhibition of COX in the organum vasculosum laminae
terminalis, adjacent to the hypothalamus. This response is blocked in COX-2 knockout
mice. So, if the antipyretic effect of paracetamol is caused by a “COX-3”, it is likely to
be a product of the COX-2 gene (and thus not COX1-V1).

A less satisfyingly simple explanation, but one which can better explain the
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experimental evidence, was proposed by Warner and Mitchell.10 They describe a
“continuum” of at least five COX isoforms derived from the two known COX genes,
with both physiological functions and pharmacological spectra spread over multiple
subtypes. This is bad news for examination candidates trying to memorize simple
physiology, but it does marry the complex actions of the pharmacological agents we use
with the bewildering array of identified and proposed COX subtypes.

The future of selective COX inhibition 
If the death of a simple two- or three-isoform model for COX is disappointing for

those hoping to understand prostaglandin physiology in detail, it is a source of
excitement and hope for those wanting the ideal selective analgesic and anti-
inflammatory drug devoid of adverse effects. For the pharmaceutical industry, more
isoforms means more targets for selective inhibition and more potential for a “magic
bullet”.

From the currently marketed drugs, we know that avoiding  COX-1 inhibition in the
periphery avoids the complications of gastric ulcers and inhibition of coagulation,
while retaining almost all of the analgesic, anti-inflammatory and antipyretic effects of
the non-selective inhibitors. Unfortunately there is a prothrombotic effect, probably
due to lack of inhibition of thromboxane synthesis (a COX-1 function). Adding a small
dose of a non-selective inhibitor might reduce the thrombotic risk, but also removes
the advantages in the risk of gastric ulceration.

If the other COX-1 gene products or the proposed COX-2 variants play a role in
nociception and inflammation, there may be potential for selective inhibitors which
could expand our range of effective and safe analgesics. Such drugs are still a long way
off, but research in this direction is continuing and the dramatic rise and fall of the
coxibs will only stimulate further studies. A drug as effective as rofecoxib, but as safe
as paracetamol, would be very attractive to the pharmaceutical industry.

Drugs such as antipyrine and aminopyrine, which selectively inhibit COX1-V1, are in
use in animal studies and selective COX1-V1 inhibitors may eventually make their way
into clinical practice. We might expect such drugs to be analgesic and antipyretic based
on animal evidence, but they would not be expected to have significant anti-
inflammatory effects or systemic side effects. Indeed, this line of research may provide
side-effect free analgesics or may turn up nothing better for clinical practice than
paracetamol, which has been in use since 1893 and is still one of the safest analgesics
available.
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paper is a summary of a presentation he made at Sir Charles Gairdner Hospital in
April 2003 to recognise the golden anniversary of the discovery of the structure of
DNA.

On the 28 March 1953, Elizabeth Watson (James Watson’s sister) typed the final
900-word draft of a paper that would be published in Nature on Saturday 25 April 
1953. Written by James Watson and Francis Crick, “Molecular Structure of Nucleic
Acids — A Structure for Deoxyribose Nucleic Acid” was brief and restrained. It
included one line illustration by Francis’s wife Odile. The structure of DNA was
described with no indication as to how it was arrived at and no dimensions were given,
other than that the base pairs were 3.4 Angstrom units apart. Indeed, it has been
suggested that a paper with such sparse detail might very well not be accepted for
publication by today’s scientific journal editors.

When anyone mentions the discovery of the structure of DNA, the names of Watson
and Crick immediately spring to mind. However, the fascinating discovery was the
culmination of work done by many other brilliant and often controversial scientists.
There were personality clashes along the way and the saga continues today, well over
a half a century since the day that Francis Crick announced to all in “The Eagle” pub
in Cambridge, that he and James Watson had “found the secret of life”. Eventually,
three people shared the Nobel Prize for Medicine for the discovery of the structure of
DNA, but one scientist who made a major contribution was not rewarded at the time.

DNA Structure and Function
We now know that DNA is the basis of heredity. It stores and makes available the

information needed to manufacture and regulate the production of proteins that, in
turn, are involved in nearly every chemical process in our body and hence the activities
in any particular cell. There are about 100 billion cells in the human body. The vast
majority of DNA molecules are stored within the nuclei of the cells and are covered
with proteins. Together they are called chromosomes of which there are a constant
number, 23 pairs in humans. Each chromosome has a specific size and form. Two sex
chromosomes (x and y) determine the gender of the individual; the other 44 are
autosomal chromosomes. In each individual, these chromosomes look similar under a
microscope, and they all comprise the same genes or variants of the same genes. The
chromosomes are numbered from 1 to 22 based roughly on size, with 1 being the
smallest. Each somatic cell has two copies of each of the genes located on these
chromosomes.

Deoxyribonucleic acid is completely dissolved in the aqueous solution of the cell. If
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precipitated in alcoholic solution, it becomes visible as a white viscous clot of thread-
like material. Of all its remarkable characteristics, the one that truly distinguishes
DNA as the immortal carrier of life on earth is its unique ability to split in two and
make exact copies of itself. 

From a structural point of view, the DNA looks like two long chains of connected
“letters”, without any spaces or punctuation marks. It is a long molecule with a high
molecular weight. The backbone of each chain is phosphoric acid and a sugar
deoxyribose. The chains are orientated in opposite directions. Connected to the chains
at the 1� carbon is one of four possible nucleotide bases, adenine, guanine, cytosine or
thymine. Adenine and guanine are purines; cytosine and thymine are pyrimidines.
These nucleotides are connected to each other such that adenine always binds to
thymine (by two hydrogen bonds) and guanine always to cytosine (by three hydrogen
bonds). These bases are spaced 3.4A (0.34 nm) apart. Each base pair is orientated 36
degrees clockwise from the preceding pair. The diameter of the molecule is about 20A.
As is well known, two strands of DNA are attached to each other, with the second an
exact complement of the first. Their base pairs are often referred to as complementary.
The two deoxyribose-phosphate backbones are wound around each other to form the
famous double helix structure. Importantly, all the information content encrypted
within the DNA is in the specific sequence of these nucleotides.

A printed edition of the sequence of nucleotides within one cell would require about
one million pages of single line spacing text, without any punctuation. On average
there is one nucleotide difference between two unrelated individuals per 1,000
nucleotide sequence. The length of the entire DNA in one human cell is approximately
two metres, with a diameter of 0.000002 mm. The entire DNA in an adult weighs about
60g. 

The unit of information in the DNA is the gene. A gene is a stretch of DNA
sequence that contains the code for the production of a protein (specifically, its precise
composition, when it is to be produced and in what quantity). The size of a gene is
between 10,000 and 150,000 nucleotides. Of the approximately 30,000 genes in the
human genome, less than 5% (about 150 million nucleotides) directly encode for
proteins.

A large part of the genome is repeated DNA sequence, and there are two main types
of repeats. Tandem repeats are long or short arrays of DNA units. They are classified
as micro satellite, mini satellite or satellite depending on the size of the repeat. The
second type of repeat is interspersed repetitive DNA. Repeats are important when it
comes to genetic fingerprinting, as it is the differences in the repeated nucleotides that
are used to analyse and compare samples.

Protein production occurs outside the nucleus in the cytoplasm of the cell. An
intermediate messenger (mRNA) is used to transfer this information from the nucleus
to the cytoplasmic protein factory. When, and how much, of a gene should be
expressed is directed by specific proteins, called transcription factors that are present
in the nucleus. They interact in a stimulatory or inhibitory manner with regulatory
sequences in the DNA flanking the coding part of the gene. When required, an enzyme
in the nucleus (RNA polymerase) transcribes the genetic information from the DNA
template into a ribonucleic acid (RNA) copy. The RNA polymerase recognises the
“Start here” and “Stop here” signals that appear in the DNA code. Transcription
occurs only in the 5� carbon to 3� carbon direction. The structure of RNA is similar to
that of DNA, except that the nucleotide thymine is replaced by uracil. Although RNA



is single stranded, it can form helical loops by folding back on itself. Hydrogen bonding
between base pairs holds the strand in shape.

Because the protein coding information in the DNA is interrupted by irrelevant
sequences called introns, the RNA must be further edited or spliced. This removes
these introns and joins the coding sequences called exons. In some genes, a choice
between several alternative exons is made during the splicing process and this will
result in the production of different proteins. Generally, the information for making a
single protein is encoded by a single gene but one gene may, as a result of differential
splicing, carry the information needed to make several, usually related, proteins. The
result of this transcription and splicing process is mRNA. Messenger RNA has
approximately 1,500 base pairs. It is transported to the cytoplasm where it is used as a
template for the generation of a protein. Each group of three nucleotides (called a
codon) on the mRNA specifies a specific amino acid. The start codon is most often
AUG (arginine, uracil, guanine) which codes for the amino acid methionine. Each
adjacent codon on the mRNA specifies the next amino acid to be linked to the growing
protein chain. After completion of this translation process, additional modifications
are made to the amino acid chain (especially the three dimensional shaping), resulting
finally in a mature and functional protein.

The DNA content is identical in each somatic cell of the body. What makes cells
different in structure and function is the pattern of genes which are expressed and
translated into proteins during the life cycle of the cell. This is called gene expression.

Some types of cell, like brain cells, express many genes (30,000). In others, like red
blood cells, only about 30 genes are expressed. Abnormal changes in the level of
expression may be the result of a disease, or may eventually lead to a disease. Thus,
there is enormous scientific interest in studying and comparing the level of gene
expression.

What makes individuals different are variations in the genome. Variations frequently
occur in the human genome. There is about one letter difference in every 1,000 letters
(0.1%) between the genomic texts of two individuals. In the complete genome, this is
about three million nucleotides. Between man and chimpanzee, the DNA sequence is
estimated to differ by 2% (1 in 50 base pairs). The information content of DNA can be
altered dramatically by such variations in the nucleotide sequence, especially if the
difference is located in protein coding or regulatory sequences. The consequence of
such variations might lead to the insertion of a different amino acid on a specific
position in the protein, or to a different level of expression of a protein. Frequently
occurring variations in the DNA are often called polymorphisms, while more rare
variations and variations with a direct relationship to a disease are often referred to as
mutations. Some 80% of all polymorphisms are the single nucleotide type. Broadly the
variations are divided into substitutions, insertions, deletions, amplifications and
translocations.

Before the “Discovery”
Friedrich Miescher, born in Switzerland 1844, is credited as the first person to

identify nucleic acids, in about 1869. He gave the name “Nuclein” to the substance he
obtained from the nuclei of pus cells obtained from bandages and from salmon sperm.
At the time, it was thought that these cells were composed only of protein. However,
Miescher noted that they were unaffected by the digestive enzyme pepsin, and that
they contained phosphorus. This lead him to refer to the substance as having a
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component that, “cannot belong among any of the protein substances known hitherto”.
He separated the “nuclein” into two parts, a basic part which we now know as DNA
and an acidic part which is the protein that surrounds the DNA. Miescher is also
credited with experimental work that showed that the regulation of breathing is
dependent on the carbon dioxide concentration in the blood.

With improvements in microscopes and staining techniques, biologists were able to
obtain clearer images of cells. In 1879, Walther Flemming discovered the thread-like
structures (chromosomes) within the nucleus. These were initially called chromatin
because they absorbed colour from the new stains used to stain cell components.

Phoebus Levene, a medical doctor and researcher, was born in Russia. While
working at the Rockefeller Institute in New York in 1929, he showed that the unit
components of DNA were linked in the order phosphate-sugar-base. He called these
units nucleotides. He proposed the “tetranucleotide hypothesis” based on his
conviction that the amounts of the four bases were the same in all DNA molecules
irrespective of their origin.

Heredity and DNA
Gregor Mendel performed brilliantly at school but, because of limited financial

resources, the only way he could continue any higher education was to enter a
monastery. Aside from his religious and teaching duties, he also worked in the
monastery garden. Over the next eight years he started cross-breeding peas and kept
careful notes of their physical characteristics. At that time, people assumed that if a tall
plant was crossed with a short one, the height of the next generation would be
somewhere in between. However, Mendel found that the second generation plants
were either tall or short. More surprisingly, when cross-breeding all the tall plants into
a third generation resulted not, as expected, in all tall plants but produced one short
one for each three tall.

Mendel’s recognition of “dominant” and “recessive” factors (i.e. genes and
Mendelian inheritance) was brilliant and unprecedented. His monograph, “Experi-
ments with plant hybrids” was published in 1866. At that time, no interest was shown
in his findings and, because of this apathy, he stopped his experimental and garden
work, and devoted the rest of his life to religious duties. It was only some years later
and after Mendel’s death, that the scientific community came to fully understand his
work. 

Up until 1944 biologists thought that if genes were composed of a known substance,
it must be protein. DNA, which had been identified some 75 years earlier, was thought
to be too limited in diversity to carry genetic information. Because of this, scientists
were very sceptical of work by medical microbiologists Oswald Avery, Colin MacLeod
and Maclyn McCarty, at the Rockefeller Institute in New York and published in the
Journal of Experimental Medicine in 1944. They showed that the heritable virulent
properties of one strain of pneumococcus could be transferred by its pure DNA to a
non infectious bacterium. Their work was based on that of an English microbiologist
Fred Griffith. In 1928, he had conducted a series of experiments with Diplococcus
pneumoniae. The two occurring strains of this bacterium had been noted to possess
differing virulent properties. The strain with an outer smooth polysaccharide capsule
(S) was infectious, and the rough strain (R) lacking the polysaccharide capsule was
harmless. Griffith mixed live rough pneumococci with killed smooth pneumococci. He
had found that the rough ones were transformed into a virulent smooth form. Griffith
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hypothesised that some “principle” was transferred from the killed S strain to the R
strain. This principle managed to convert the R strain to a virulent form by enabling it
to synthesize a new polysaccharide coat.

Avery and his team investigated this “transforming principle” and, using enzymes
that broke down the specific cell components, managed to purify and analyse it. Its
molecular weight and composition showed it to be DNA. This was confirmed by tests
with enzymes in which they showed that the transforming activity was destroyed by
DNAase, but was unaffected by enzymes which broke down protein. The work done by
Avery and his colleagues was the first to link genetic information to DNA.

One biologist at the time, Erwin Chargaff, was sufficiently interested in the Avery et
al paper to change his area of research. His chromatography of nucleic acids revealed
that Levene’s tetra-nucleotide hypothesis was incorrect and that, despite the diversity
of DNA from isolated sources, the proportional amounts of adenine always equalled
that of thymine, as did that of guanine to cytosine. This became know as Chargaff’s
rule (or Chargaff’s ratios) and it was a crucial factor in determining the base pairing
when it came to finally solving the double helical structure of DNA.

In 1952, Alfred Hershey and his assistant Martha Chase performed the famous
“blender experiment” in which they were able to show that only DNA, and not protein,
was injected into a bacterial cell by an infecting phage particle. A phage is a virus that
infects bacteria. The DNA was sufficient to transfer to the bacteria all the genetic
information needed to produce more phage. Using a Waring blender, more commonly
found in a kitchen, they were able to produce just the right amount of shearing force
to tear the phage particles from the bacterial wall without rupturing the bacterial wall.
Upon subsequently examining the bacteria, Hershey found only phage DNA and no
protein had been inserted into the bacteria. These results confirmed the findings of
Avery and colleagues, that genes were made of DNA. Alfred Hershey received a
shared Nobel Prize in 1969 for this work.

The Search for the Structure of DNA: Three Competing Teams
Linus Pauling

In the late 1940s there were three main groups working on solving the structure of
DNA. Linus Carl Pauling, a brilliant American scientist, had done highly detailed
research on chemical bonds. For this work and his book, “The Nature of the Chemical
Bond”, he was awarded the Nobel Prize for Chemistry in 1954. Linus Pauling is the
only person so far to have received two unshared Nobel Prizes; his second was in 1962
when he was awarded the Nobel Peace Prize for his opposition to Cold War policies
and nuclear weapons proliferation.

Pauling had extraordinary insight and was able to visualise chemical bonds with such
clarity and detail that he could build models almost solely “in his head”. Using this
method he had solved the alpha helix structure of keratin before his competitor, Sir
Lawrence Bragg, who was also working on the structure, but was attempting to solve
the problem using X-ray crystallography rather than by model building. In January
1953, Pauling’s son Peter travelled to Cambridge and showed Watson and Crick his
father’s work in relation to DNA. They were surprised to see he was pursuing a three
strand molecular structure with the bases facing out and, more so, that he had made a
critical error in that the phosphate groups in his model were not ionised. As DNA is
an acid this was a huge mistake. However, they could see that he still was within
relatively easy reach of the solution. When they published their paper in Nature,
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Watson and Crick make reference to Pauling’s work: “A structure for nucleic acid 
has already been proposed by Pauling and Corey. They kindly made their 
manuscript available to us in advance of publication. Their model consists of three
inter-twined chains, with the phosphates near the fibre axis, and the bases on the
outside.” 

Considered a little eccentric, because he advocated using Vitamin C as a
preventative to the common cold and some cancers, Pauling died in 1994 having
published some 350 important scientific papers, and several books, including “No
More War!” (1958), “Vitamin C and the Common Cold” (1970), “Cancer and Vitamin
C” (1979), and “How to Live Longer and Feel Better” (1986). His prolific research
included work on antibiotics, the structure of haemoglobin and the design of
instruments for determining the partial pressure of oxygen in a gas mixture. He also
did some work on general anaesthesia, published in Science in 1961. In this, he
suggested that general anaesthesia might be caused by the ability of anaesthetic agents
to precipitate the formation of hydrates, and that these might alter the transmission of
electrical charge through and between neurones. However, the unitary hydrate theory
is now considered unlikely as there is poor correlation between the ability of
anaesthetics to form hydrates and their anaesthetic potency. 

Wilkins, Franklin, and Gosling
A second group of scientists investigating the structure of DNA was at King’s

College in London. The group comprised Maurice Wilkins, Rosalind Franklin and
Raymond Gosling. New Zealand born Maurice Wilkins had moved to Birmingham,
England as a child while his father continued his medical studies. Following
participation in the Manhattan Project during World War II, he returned to King’s
College to continue his research using X-ray diffraction. He certainly provided willing
advice and photographs of diffraction images to Watson and Crick when they discussed
their problems in solving the structure of DNA. He also, in all likelihood innocently,
showed them photographs taken by Rosalind Franklin, without her permission. When
they finally deduced the structure of DNA, Watson and Crick were a little concerned
that Maurice might be angry with them for having used his data so freely. Instead he
referred to them a “couple of old rogues” and spent the rest of his career teaching at
King’s. Although Maurice Wilkins shared the Nobel Prize in 1962 with Watson and
Crick for his contribution to the discovery of the structure of DNA, he is almost
forgotten. Shortly before his death in 2004, he completed his autobiography: “The
Third Man of the Double Helix: The Autobiography of Maurice Wilkins”.

Solving the puzzle of the structure of DNA almost certainly would not have been
possible without the work of the brilliant, and tragically short-lived, Rosalind Franklin.
She was born in London in 1920; after graduating from Cambridge University with a
PhD in Chemistry in 1945, Franklin did research on the structure of carbons for British
Coal. She then moved to Paris where she worked as an X-ray crystallographer. This
involved aiming X-rays through crystals and capturing the scattered images on
photographic film for further analysis, including calculations to work out chemical
bond structures and angles. Four years later, she returned to the highly regarded unit
at King’s College to further her career. 

Unfortunately there were problems at King’s. There was still considerable prejudice
against women scientists. Franklin’s appointment, to conduct her own research and to
expand the department, was made by the head of the department, Sir John Randall. At
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that time Maurice Wilkins was already working on the structure of DNA, and was the
deputy to Randall. But Wilkins was on holiday at the time of Franklin’s appointment
and returned to find a very confident scientist working in “his” laboratory; he was
under the false impression that she worked for him. Adding to his irritation was the
fact that Raymond Gosling, a PhD student under Wilkins, was now requested by
Randall to work under Franklin. These annoyances, added to a personality clash, did
not lead to a very happy working relationship between Wilkins and Franklin.

Franklin and Gosling had found that DNA could assume two forms and by
increasing the humidity in the laboratory they were able to produce sharper images of
the wetter B form. Franklin’s working relationship with Wilkins continued to
deteriorate so much so that Randall now decided that Wilkins alone should work on
one form and Franklin on the other. In May 1952, Franklin took the famous
photograph number 51 of the hydrated B-form of DNA. This was the most important
event of her time at King’s and was set to change history. However, by the time 
the Watson and Crick paper was published in 1953, Franklin had left King’s and 
was working at Birkbeck College, where she produced 17 papers (three published
posthumously). 

At the time of her DNA research, Franklin also did not get along with the team of
Watson and Crick. However, they became reconciled and both Watson and Crick have
supported the fact that she was exceptionally close to the solution. Perhaps one reason
that she did not pursue the problem at the time was because, as a chemist, she had no
reason to believe that DNA was particularly important. In his epilogue to The Double
Helix Watson wrote, “… we both came to appreciate greatly her personal honesty and
generosity, realising years too late the struggles that the intelligent woman faces to be
accepted by the scientific world which often regards women as a mere diversion from
serious thinking …”. He also apologised for his remark earlier in the book, “The real
problem, then, was Rosie. The thought could not be avoided that the best home for a
feminist is in another person’s lab.”

Rosalind Franklin, a brilliant and dedicated researcher, died in 1958 at age 37 due
to ovarian cancer, almost certainly caused by work related exposure to radiation. She
did not share the 1962 Nobel award for her contribution to the discovery of the
structure of DNA. The Nobel Prize conditions only allow for a maximum of three
people to share one prize and do not allow for a posthumous award. However, her
major contribution is increasingly being recognised.

Watson and Crick
The third group intent on solving the structure of DNA was at Cambridge

University.
James Watson was born in Chicago in 1928. He completed school at 15 and enrolled

at Chicago University to study zoology, later becoming interested in genetics. While
attending a meeting in Naples he met Maurice Wilkins and saw X-ray crystallography
pictures of DNA. This prompted him to go to Cambridge where X-ray crystallography
work was being done on proteins. Francis Crick was born in Northampton, England in
1916 and read Physics at University College London. After the war he completed his
PhD at the Cavendish Laboratory at Cambridge with the thesis “X-ray diffraction:
polypeptides and proteins”. At this time he worked out the general theory of X-ray
diffraction by a helix. Watson arrived in Cambridge early in 1951 to work on the
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structure of myoglobin using X-ray diffraction and met Crick who was working on the
structure of haemoglobin. 

The two scientists, one with a background in mathematics and physics, the other in
molecular biology, quickly became firm friends. Both had read the book, “What is
Life?”, by Erwin Schrödinger, a founder of quantum physics. In this book, Schrödinger
proposed that one of the essential features of life is the storage and transmission of
information that passes from parent to child (i.e. a genetic code). He added that
because this code has to be both complex and compact in order to fit into a cell, it had
to be written at the molecular level. Simple crystals like salt could not carry a code, as
their ions are arranged in a periodic pattern. Schrödinger suggested that the code
would be found in the chemical structure of a compound whose components were
arranged in a long and irregular sequence.

Proteins using amino acids as the code had been the obvious first choice but, thanks
to Avery’s discoveries, DNA was now the focus of the investigation. At that time,
biologists freely used the term gene meaning the smallest unit of genetic information,
but they had no idea what a gene actually was. Aside from their formal duties, both
Watson and Crick wanted to find out what genes were. They were convinced that
understanding the structure of DNA would help them do that.

Using his phenomenal knowledge of chemical bonds and with a little help from 
X-ray crystallography, Pauling in 1951 was able to build a model and solve the alpha
helical structure of keratin. Being beaten to this discovery by Pauling was a huge
disappointment to the head of the Cavendish Laboratory, Sir Lawrence Bragg (who
was born in Adelaide). This was compounded by the fact that Sir Lawrence and his
father William were the pioneers of the application of X-ray crystallography to solve
the structures of organic and biological macromolecules. 

Watson and Crick suspected that their best chance in elucidating the structure 
of DNA before the other teams would be by using a combination of model building
and X-ray crystallography. The X-ray crytallography work that was being done at
Cambridge concentrated on proteins, so the two had to travel to King’s in London,
where, as previously noted, work was being done on DNA by Crick’s friend Maurice
Wilkins. In November 1951, Watson attended a seminar by Rosalind Franklin and,
based on that, he and Crick built their first DNA model — a triple helix with the bases
facing out. Perhaps because of his arrogance, Watson did not take any notes at
Rosalind’s seminar and he had incorrectly remembered by a factor of ten the amount
of water that she had said was in the crystal. Later that month, when she and Wilkins
went to view Watson’s and Crick’s first model, she was quick to point out that error, as
well as other mistakes in the calculations they had used. As she understood her own
work very well, she was not impressed when Watson and Crick tried to explain it to her
and she took the first train back to London.

Word of this meeting reached Sir Lawrence Bragg at the Cavendish. He instructed
Watson and Crick to stop further work on DNA, as he feared his government grant
would be cut if it was found that his researchers were working on problems that were
already being investigated by other institutions. The model-making kits were sent to
King’s College and Wilkins and Franklin were encouraged to use them, but they were
not convinced that the route to solving the structure was via model building and the kit
remained unused.

In late 1952, the “race” for the structure of DNA was hotting up, because it was clear
that Pauling was close to a solution. Prompted by this, on Friday 30 January 1953,
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Watson went to London to meet with Wilkins who showed him Rosalind’s photo 51 of
the B-form, almost certainly without her permission. Watson has since recorded, “The
instant I saw the picture my mouth fell open and my pulse began to race”. To him, the
pattern was unbelievably simple and could only arise from a helical structure. During
the train journey back to Cambridge, he did some calculations on the edge of the
newspaper, working out that the pattern repeated itself every 34 angstroms. This gave
them the crucial information about the angles between the bonded molecules and he
decided that a two chain backbone made more sense than a triple.

Their model building began again in earnest. Bearing in mind they were looking for
a model that provided a code, it made more sense for the code region — the bases —
to be exposed, so they persisted with them still facing outwards. But this did look
“neat”. Using information from Jerry Donohue, an American chemist visiting
Cavendish, who reminded them how hydrogen bonding allows adenine to bond to
thymine and cytosine to guanine, they altered the model so that the bases faced
inwards. A eureka moment followed. Using cardboard cut-out templates, Watson and
Crick joined adenine to thiamine and cytosine to guanine. The six foot tall model fell
into place and, by the 28 February 1953, Francis Crick announced to all at “The Eagle”
that they had found the “secret of life”.

What was to become one of the most famous scientific papers of all time began with
an unassuming pair of sentences: “We wish to suggest a structure for the salt of
deoxyribose nucleic acid (DNA). This structure has novel features which are of
considerable biological interest.” Only passing reference to the function of DNA was
made. It closed with the often quoted, cautious understatement, “It has not escaped
our notice that the specific pairing we have postulated immediately suggests a possible
copying mechanism for genetic material.” This was a compromise. Watson was against
including it, as he had concerns that the structure might be wrong. If so, they would
make fools of themselves. Crick wanted to discuss the genetic implications. The com-
promise was to mention it; otherwise it might be thought they were too blind to have
seen it. A follow-up article was published in Nature on 30 May 1953: “Genetic
Implications of the Structure of Deoxyribonucleic Acid”.

After the discovery, Francis Crick continued to do significant research, especially in
controversial areas. He helped explain how genes build proteins, and proposed a
theory concerning the relationship of DNA, RNA and protein — the Central Dogma.
He speculated that life did not begin on earth — as conditions here are far from
favourable for spontaneous generation of life, and because the genetic code is the same
in all earthly creatures. He was one of the proponents of the theory of panspermia,
which proposes that a distant civilization arising long ago on a planet where conditions
were favourable, sent an unmanned space ship to seed the earth’s primitive ocean with
spore-like organisms that multiplied and evolved. Aside from several noteworthy
scientific articles, he also wrote several books including: “What Mad Pursuit: A
Personal View of Scientific Discovery” and “Astonishing Hypothesis: The Scientific
Search for the Soul and Life Itself”. In 1975, he moved to the Salk Institute in
California where his main interest was Neuroscience. He declined to take part in the
golden anniversary celebrations in 2003, saying he was too busy to take part in circuses.
Professor Francis Crick died on 29 July 2004 aged 88 from colonic cancer.

James Watson joined the Biology Department at Harvard, where he worked on
RNA and protein synthesis. He became one of the first directors of the Human
Genome Project. Aside from his famous “The Double Helix” written in 1968, he has
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written or co-authored other books: “DNA: The Secret of Life”; “Genes, Girls and
Gamow” and “Molecular Biology of the Gene”.

After the “Discovery”
The 1953 papers in Nature prompted little interest from the popular press. Events

that dominated the world’s news headlines that year included the death of Stalin, the
conquest of Everest and the coronation of Queen Elizabeth the Second. Only one
British newspaper, the now defunct News Chronicle ran a one column story, “Why you
are you”. Since then, however, there has been continued development of genetic
related research and this has impacted on us all.

George Gamow, a Russian-American physicist, best known for his involvement in
developing the Big Bang theory of creation, later became interested in biology. In 1953
in an article in Nature, he proposed the first definite coding scheme for DNA.
Although later shown to be not accurate, this “diamond code” was added impetus to
Francis Crick’s considering the coding problem. To foster further interest in the coding
problem, Gamow founded the RNA Tie Club — a group of 20 scientists (representing
the 20 different amino acids) in different countries working on the coding. In 1957,
Crick and Gamow proposed the “Central Dogma”, their theory which explained the
sequence of DNA coding to protein production.

Sydney Brenner, born in South Africa in 1927, worked in Cambridge, and in 1956 he,
Francis Jacob and Matthew Melson discovered mRNA. Professor Brenner retired in
1992 at age 65, but then came out of retirement in 1996 to become the director of the
Molecular Science Institute in Berkeley, California. He went on to share a Nobel Prize
in 2002 at age 75 for “discoveries concerning genetic regulation of organ development
and programmed cell death”.

In experiments that lasted some five years, American Marshall Nirenberg finally
cracked the genetic code. He built a strand of mRNA (called poly-U) composed only
of the base uracil, and discovered that UUU coded for phenylalanine. Building on this
first step, he finally cracked the code in 1966 and shared the Nobel Prize in 1968.

The birthday of genetic engineering was celebrated in 1973. Herbert Boyer and
Stanley Cohen inserted a gene from an African clawed toad into a bacterium. Boyer
and Robert Swanson went on to co-found Genentech, the worldís first genetic
engineering company in 1976. In 1978, Genentech successfully produced synthetic
human insulin, Humulin, using recombinant DNA technology.

In 1977 Fredrick Sanger (at Cambridge) and Walther Gilbert (in America)
independently established a method for detecting the sequences of bases in DNA.
Sanger, who had won a Nobel Prize in 1958 for developing a method to determine
amino acid sequencing and used it to deduce the complete sequence of insulin, shared
a second Nobel Prize with Gilbert (and Paul Berg) in 1980.

A Californian scientist and surfer Karry Mullis devised a procedure to rapidly
multiply small segments of DNA. This is known as the Polymerase Chain Reaction,
and for this he shared a Nobel Prize in 1993.

In 1984, Professor Sir Alec Jeffreys and colleagues developed DNA fingerprinting
and DNA profiling. This process involves isolating mini-satellite areas on DNA and
then using them to create “bar-code” images on X-rays that are then used to compare
different DNA samples.

The Human Genome project, the biggest scientific undertaking ever, was launched
in 1990. Its aim was to list and map all the genes that the human body contained.
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Researchers expected to find some 100,000 genes, but they found that humans only
have about 30,000. The project was completed ahead of schedule in 2003.

Gene therapy for human diseases, the controversial introduction of genetically
modified foods and cloning of animals, such as Dolly the Scottish sheep, have all been
results of continuing genetic research.

Conclusion
The discovery of the structure of DNA heralded a new era in biology, which was slow

to start but since gathering momentum has been growing rapidly. Scientists are now
achieving practical benefits from Watson’s and Crick’s discovery, in many diverse areas
including medicine, food, forensics, industry and agriculture.

As has been quoted several times during the golden anniversary celebrations “The
sequence is just the beginning. …”

Suggested Further Reading
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Watson, James. Genes, Girls and Gamow.
Crick, Francis. What Mad Pursuit.
Wilkins, Maurice. The Third Man of the Double Helix.
Sayre, Anne. Rosalind Franklin and DNA (Rosalind’s friend gives further

information on the work she did and tries to correct some of the statements made in
The Double Helix).

Maddox, Brenda. Rosalind Franklin, the Dark Lady of DNA (Recently published, this
account of Rosalind’s life lies in the middle of those described by Watson and Sayre). 

Freeland, Horace. The Eighth Day of Creation.
Gribbin, John. In Search of the Double Helix.
Brenner, Sydney. My Life in Science.
Mullis, Karry. Dancing Naked in the Mind Field.



Awake Craniotomy: Anaesthetic
Guidelines and Recent Advances

JOHN R. CORMACK, FANZCA
TIMOTHY G. COSTELLO, FANZCA
Senior Visiting Anaesthetists, St. Vincent’s Hospital, Melbourne

The authors are neuroanaesthetists at St Vincent’s Hospital Melbourne, with research
and clinical interests in anaesthesia for awake craniotomy, anaesthesia for
intracranial aneurysm surgery and the use of alpha-2 agonists in neuroanaesthesia.

Introduction
While the debate continues over the advantages of regional anaesthesia versus

general anaesthesia for many forms of surgery, there is an increasing number of
indications in intracranial surgery for the patient to be awake during some or all of 
the operation.1-3 This may be a daunting prospect for the neuroanaesthetist who 
is inexperienced in the technique of awake craniotomy. However, with a sound
anatomical knowledge of the nerve blocks and the knowledge to anticipate certain
predictable intraoperative events, this can be an extremely rewarding procedure for
the neuroanaesthetist, whilst offering the patient the best possible outcome from the
surgery.

The traditional indication for awake craniotomy has been epilepsy surgery and, in
particular, temporal lobectomy where the excision occasionally encroaches on the
eloquent cortex (motor and speech areas). Tumour or arteriovenous malformation
surgery where the lesion abuts or invades the speech, motor, sensory or visual cortex
may also involve intraoperative functional testing or cortical mapping, requiring the
patient to be awake. Occasionally, avoidance of general anaesthesia is advisable for
medical reasons and confidence with the awake craniotomy technique allows local
anaesthesia with sedation to be considered as an option. Intraoperative corticography
can be used to help define the epileptic focus and to confirm the resection, but is less
useful than awake functional testing to define the limits of the resection and avoid
postoperative deficits.4

Preoperative assessment
Patients presenting for awake craniotomy are often highly motivated and naturally

eager to maximize the chance of cure and minimize the possibility of a postoperative
neurological deficit. Those with epilepsy can be offered a reasonable expectation of
seizure reduction or abolition5 and patients with an intracerebral tumour can be
offered the best possible margin of resection. Occasionally, a patient may be
considered to be unsuitable due to emotional or psychological reasons; however, this
is unusual and teenagers have tolerated the procedure well.6, 7 When children undergo
awake functional testing during craniotomy, general anaesthesia is usually required for
the first part of the procedure.8, 9

Airway assessment may affect decisions regarding intraoperative positioning, and
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early communication with the surgical team is essential in this regard. It is our custom
to premedicate our patients with oral clonidine 3 mcg/kg about an hour prior to the
anaesthetic. This offers anxiolysis and blood pressure stability without compromising
alertness during the testing phase.10 With accurately placed scalp blocks, most
operations are painless and all patients can be reassured that the majority of the
operation will be comfortable. Sometimes brief periods of discomfort may be
experienced at certain stages, but it must be emphasized that this “headache” does not
represent a problem. Properly prepared patients are aware of this and most are happy
to accept it.

Preparation
The patient can be prepared as for a conventional craniotomy according to the

custom of the anaesthetist. In the unlikely event of a conversion to general anaesthetic,
or the more likely occurrence of an intraoperative seizure, full monitoring would be
required. In addition, capnography can be attached to sample the expired gas. This is
best used as a monitor of respiratory rate and to detect apnoea, as end tidal CO2
concentrations are likely to considerably under-read. A dedicated intravenous line for
the sedative drugs is advisable as an inadvertent bolus of potent sedative can cause
apnoea or airway obstruction. A simple form of central line placed from the
antecubital fossa is ideal as it allows rapid delivery of drugs into a central vein, while
being resistant to dislodgement in the event of unexpected patient movement. A
urinary catheter is avoided if possible. 

Some sedation is usually necessary for the performance of the scalp blocks as this
can be painful. We prefer to use the drugs intended for intraoperative sedation
(remifentanil and propofol). Remifentanil should be prepared as a dilute solution of
10-20 micrograms/ml, to lessen the chance of inadvertent overdose. The sensitivity of
the patient to these drugs can thus be assessed while he or she is being closely observed
during performance of the blocks. In this way, the optimal dosage required to tolerate
mild discomfort can be determined well prior to head pin placement and draping. 

Performance of the scalp blocks
Six nerves need to be blocked bilaterally to completely anaesthetise the scalp: the

supratrochlear, supraorbital, zygomaticotemporal, auriculotemporal, and the lesser
and greater occipital nerves. Minor contributions from the greater auricular nerve and
third occipital nerve rarely encroach into the surgical field. An exact knowledge of the
craniotomy site and head pin position can allow more selective blockade. A full
description of the blocks can be found in a recent review10 and a basic diagram has been
included (Figure 1). 

No particular needle type is prescribed; however, if a needle larger than 25 Gauge is
used, a small skin bleb may improve the comfort of the blocks. We use about 2-3 ml of
0.75% ropivicaine with adrenaline 5 mcg/ml at each site, giving a maximum volume of
35 ml. This results in a safe but rapid peak plasma level, which begins to drop after
about 15 minutes; thus, a small 5-10 ml top up prior to surgery is safe if necessary.11 The
depth of needle insertion is critical and the efficacy of the blocks is maximized by
depositing local anaesthetic in the correct layer of the scalp. 

A brief description is included for each nerve:
1. The supraorbital nerve is blocked just above the supraorbital notch and local

anaesthetic is deposited just superficial to the periosteum.



2. The temporal branch of the auriculotemporal nerve is blocked immediately
posterior to the superficial temporal artery at the level of the auditory meatus.
Injection is superficial and subcutaneous. Too deep an injection will produce facial
nerve block.

3. The main branch of the zygomaticotemporal nerve emerges from the temporalis
fascia near the lateral border of the orbit, although many smaller deep branches
ramify within the temporalis muscle. These small branches are especially important
to block so as to cover temporally based flap incisions. Field infiltration above the
zygoma through the temporalis muscle and almost down to the periosteum of the
temporal bone will give a good result, without causing a facial nerve block. Up to 
5 ml can be used on the operative side.

4. The lesser occipital nerve can be blocked either deep or superficial to the fascia at
the upper, posterior border of sternocleidomastoid.

5. The greater occipital nerve is blocked subcutaneously by injecting along the middle
third of a line between the mastoid process and the external occipital protuberance
along the superior nuchal ridge. This injection will also reinforce the lesser occipital
nerve block as it becomes subcutaneous. 

Positioning
The main objective of positioning is to maintain access to the airway and adopt a

comfortable position for the patient, while avoiding airway obstruction if sedation is
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Figure 1. Innervation of the scalp (Reprinted from Ref 10; with permission of Elsevier and authors).
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necessary. To achieve this, a lateral or semi-lateral position is preferred with minimal
rotation of the neck. Other (often competing) considerations are the visibility of the
patient to the anaesthetist during intraoperative functional testing and allowing 
the surgeon and assistant adequate surgical access. One such set up is depicted in
Figure 2.

Of note is the closed circuit video monitoring, which allows the surgeon and
neurologist to clearly see and hear the patient during testing.10 In addition to the video

Figure 2. Suggested positioning for awake craniotomy. (Reprinted from Ref 10; with permission of Elsevier
and authors). A: Surgeon; B: Anaesthetist; 1: Camera; 2: Microphone; 3: Fibreoptic light; 4: Television
monitor; 5: Frameless stereotactic monitor; 6: Microscope base.
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camera, design of a small LCD screen to be placed in the patient’s field of vision is in
progress. This screen will display images of ten or more familiar objects to the patient
at regular intervals during electrical stimulation of the posterior speech centre. The
same images will be visible to the surgeon simultaneously via a connection to the video
monitor on that side of the drapes. A microphone placed near the patient’s mouth will
allow the surgeon to hear the patient’s responses clearly and immediately. This “object
naming” process has until now, been performed by the anaesthetist pulling objects
from a bag and holding them one at a time in front of the patient. 

Airway management
Oxygen is delivered continuously either by Hudson mask or a nasal catheter. Some

centres prefer an asleep-awake-asleep technique with a variety of airway protection
devices. The most popular of these is the laryngeal mask, which can be inserted and
removed with minimal access and without causing laryngeal irritability.12 In general, we
prefer a less invasive approach, but occasionally a nasopharyngeal airway is required
during heavy sedation.

Intraoperative events
Once positioned, the patient should experience no discomfort until the dura is

reached. Dura close to the saggital sinus or the middle meningeal artery is particularly
sensitive to traction. Attempts to topicalise these areas are used in some centres, but
gentle surgical technique and a little sedation can overcome any brief discomfort quite
easily. Some patients may be alarmed if a noisy osteotome is used; either warning or
sedation can overcome this anxiety. Stimulation of the cortex deep to the insula and
traction on blood vessels and dura with deep resection are other possible causes of
discomfort. Fortunately, cortical mapping is usually complete by this stage and some
analgesia can be given. 

It is essential that the patient be fully awake and cooperative for the testing phase of
the cortical mapping. This is particularly true if complex speech and language testing
is performed. Dexmedetomidine was thought to allow some sedation without cognitive
impairment during testing;13 however, it has a relatively slow offset and can cause
oversedation.14 We avoid any form of sedation during this critical phase where possible.
An Ojemann stimulator is used to map the functional areas of the cortex and it is
during this phase, particularly in the vicinity of the motor cortex, that intraoperative
seizures can occur (up to 15% in one series).15 These can usually be quickly stopped
with cold saline irrigation of the brain. If this fails, a small dose of thiopentone or
propofol can be added. Nausea and bradycardia may occur, usually associated with
deep cortical resection close to the midline. Asking the surgeon to reduce traction and
administration of anticholinergics will be more effective than antiemetics in these cases.

In the past, it has been the task of the anaesthetist to relay information back over the
drapes to the surgeon,6 creating a delay between the surgeon initiating the test and
receiving the response. Where possible, it is advisable to have the neurologist or
neurophysiologist most familiar with the patient’s preoperative deficits perform the
testing. We also employ a closed circuit video monitor to provide the surgeon with a
clear view of the patient and amplification of the verbal responses. Awake testing may
be required throughout the resection, for example with a tumour close to the motor
cortex and this can be exhausting for patient and anaesthetist alike. It is important to
recognize this and allow rest if necessary. 
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Post operatively
The duration of the scalp blocks well exceeds any reasonable surgical time, so an

additional benefit of this technique is a reduced requirement for opioid analgesia in
the postoperative period and a more alert, cooperative patient for postoperative
neurological testing. Emergence hypertension, often seen at the time of extubation
with general anaesthesia, is also avoided. There have been some attempts to link awake
craniotomy with early postoperative discharge and even day-stay craniotomy.2, 16 We do
not recommend this practice as there is a high readmission rate. Compared with
general anaesthesia using short acting agents, there is unlikely to be a significant
difference with regard to discharge timing. 

In the recovery room, the patient will occasionally notice worsening of the
preoperative neurological deficit due to oedema and retraction. The unprepared
patient may become upset by this new deficit, not understanding it is likely to be
temporary.

Related procedures
Other surgical procedures may require intraoperative “wake up” where similar

sedation may be useful. For example, there is a variety of implantable epidural
stimultators for the treatment of chronic pain; the efficacy of placement may need to
be tested intraoperatively. The rapid offset of these drugs may also allow sedation for
stereotactic neurosurgery for movement disorders, where sedation was previously
contraindicated.

Other applications of scalp blocks
Scalp blocks have been used with conventional craniotomy under general

anaesthesia. They may be done preoperatively to reduce the haemodynamic response
to head pin holder application17 and post-operatively prior to emergence to reduce
postoperative pain and improve postoperative assessment.18 Scalp blocks have been
advocated for use before stereotactic frame placement for functional neurosurgery,19

being less painful than local infiltration.20 Elderly patients having extensive plastic
surgical procedures of the scalp, including grafting and rotation flaps, are another
group where these blocks can be easily used to avoid general anaesthesia.

Summary
In conclusion, we believe that with:
• a sound knowledge of the anatomy of the nerves innervating the scalp, 
• an understanding of the local anaesthetic dosage limitations in this group of

patients, and 
• an appreciation of the likely intraoperative events and possible interventions

required,
awake craniotomy can be added to the repertoire of all neuroanaesthetists. It is likely
that those who regularly anaesthetise for intracranial surgery will be faced with
patients where this technique is the most suitable option. It is equally likely that, if
modern worldwide trends in neurosurgery are followed, more surgeons will be
requesting this technique in the future.
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Introduction
Magnetic resonance imaging (MRI) had its origins in the 1940s, when nuclear

magnetic resonance (NMR) was first described by Bloch and Purcell, work for 
which they were awarded a Nobel Prize for Physics. Initially, NMR was primarily a
biochemical tool; however, in 1973 Lauterbur and Mansfield elucidated imaging
applications. These seminal discoveries gained them the Nobel Prize for Physiology or
Medicine in 2003. NMR for imaging became known as MRI, while the biochemical
applications are called magnetic resonance spectroscopy (MRS). Despite MRI very
much concerning the nuclei of atoms, the word “nuclear” was dropped to remove
connotations of ionising radiation exposure. Since anaesthesia in the MRI suite was
first described in 1984,1 MRI has become increasingly common, and the demand for
anaesthetic services in this challenging environment has climbed. Some hospitals,
especially paediatric centres, will have a large number of MRI cases requiring
anaesthesia. Anaesthetists in these hospitals may therefore be familiar with the
principles involved and have equipment that is mostly MRI-compatible, requiring only
minor changes in their anaesthetic techniques. Other hospitals may only occasionally
require an anaesthetist for MRI, resulting in anaesthetists being thrust infrequently
into an unfamiliar and potentially hazardous workplace. This review aims to give some
background and suggestions primarily to those occasional MRI anaesthetists.

Background and basic physics
Understanding MRI requires some discussion of nuclear physics. Atomic nuclei

contain a positive charge due to their protons. Some of these nuclei spin on their own
axis, like the earth rotating. A spinning charged particle creates a magnetic field, with
the field orientation aligned with the axis of spin (Figure 1). With some elements, the
axis of rotation itself can rotate, like a spinning top, a process called “precession”
(Figure 2). Elements displaying precession are termed “NMR sensitive” and include
1H, 19F, 31P, 13C and 23Na. MRI scanners generally use hydrogen nuclei (i.e. protons) to
generate images. 

When NMR sensitive nuclei are exposed to a static magnetic field, the orientation
of their spinning axes will be aligned with that of the static field. For a given element,
the frequency of precession is dependent on the strength of the magnetic field.
Exposure to a second, transient magnetic field at right angles to the static field will
cause the nuclei to “flip” orientation and rotate in alignment with the second magnetic
field. This is an energy consuming process. When the second magnetic field is
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removed, the nuclei will resume their original alignment, releasing energy in the
process. The characteristics of this energy release can be captured and analysed to
create an image. The frequency of the energy wave released will be the proton’s
precession frequency. Other important characteristics of the energy wave are the time
constants of the return of longitudinal magnetisation (T1) and of the decay of
transverse magnetisation (T2).

When electricity is passed through a coil of wire, a magnetic field orientated along
the alignment of the coil is generated, creating an “electromagnet”. This is how the
magnetic fields used in MRI scanners are generated. The most powerful magnet in an
MRI scanner creates the static (B0) magnetic field. By convention, the orientation of
this magnetic field is called the z-axis. The axes perpendicular to this are called the 
x- and y-axes. The wire in the coil creating the B0 field is typically several kilometres
long, and the field strength is approximately 1.5 Tesla (1 Tesla [T]=10 000 Gauss). The
earth’s magnetic field, not to be confused with its gravitational field, is approximately
0.5 Gauss, while the magnetic field generated by a typical domestic bar magnet might
be 100 Gauss. The magnets used to pick up car wrecks in scrap metal yards are about
1.5T. “Open MRI” scanners (i.e. those in which the patient lies between two flat plates

Figure 1. A charged nucleus spins, creating a magnetic field orientated along the axis of spin.



rather than within a tunnel) operate at lower magnetic fields (approximately 0.2-0.5 T),
while scanners for experimental use operate at up to 7 T.

If the coil’s wire is cooled to almost absolute zero, the wire’s resistance becomes
negligible. Under these conditions, current generated in the coil will continue to flow
indefinitely with no energy input. The coil is then called a “superconductor”. In an
MRI scanner, this is achieved by bathing the wire (copper embedded with a niobium/
titanium alloy) in liquid helium at 4.22K (–269°C). Therefore the electromagnet
created by this superconductor is always “on”, day or night, regardless of whether a
patient is being scanned or not. To turn the magnet off requires the helium to be
allowed to evaporate, called a “quench”. The helium is vented to the atmosphere via a
“quench pipe”. This is only done to allow maintenance, as to reinstate the magnet
requires several days and costs tens of thousands of dollars. An uncontrolled release of
helium can create an hypoxic environment, an emergency discussed below.

The primary coil creates a tunnel in which the patient lies (Figure 3). This tunnel is
approximately 2m long, with an inner core diameter of approximately 0.6m. An MRI
scanner also contains radiofrequency (RF) coils, which provide “RF pulses” to
produce the intermittent fields at right angles to B0. (An RF pulse is a short burst of
an electromagnetic wave that is in the frequency range of the waves received on a
radio.) The scanner also contains receiving coils, which receive the energy released by
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Figure 2. As well as “spin”, nuclear magnetic resonance sensitive nuclei display precession, whereby the axis
of spin also rotates about the “vertical” axis. The frequency of precession for a given element is dependent
on the strength of the static magnetic field.
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nuclei returning to their original alignment. In some scanners, a single coil doubles as
the RF and receiving coil. Finally, there are “gradient coils”, which modify the B0
magnetic field, creating field gradients in the x, y and z planes. As the precession
frequency depends on the magnetic field strength, the gradient coils ensure that
protons in different places precess at different frequencies. Therefore, the resulting
NMR signal from different locations also has a different frequency, allowing spatial
localisation of returning signals. Signals from hydrogen ions in different tissues can be
distinguished by the variable concentration of protons in those tissues and by the effect
of atoms surrounding the protons — the so-called “lattice” which receives the energy
released by the hydrogen ions.

The magnetic field strength does not decay linearly as one moves away from the
scanner. Scanners are “shielded” — a design resulting in the field strength falling away
rapidly so that, beyond a relatively short distance (say, at the door to the scanning
suite), the fringe fields are negligible. Conversely, the field strength rises rapidly as one
nears the scanner and care must be taken not to inadvertently bring ferromagnetic
objects dangerously close to the magnet. Some suites have “Gauss lines” (e.g. 30 Gauss
and 5 Gauss lines) drawn on the floor to act as a warning.

External radiofrequency waves from television or radio transmission or from
electronic equipment in adjacent offices must be excluded from the scanning suite to

Figure 3. The patient lies inside the magnet core. 
(Figure from Press Release  http://nobelprize.org/medicine/laureates/2003/press.html)
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prevent interference. This is done by enclosing the scanner in a “Faraday cage”, a
copper sheet in the walls of the suite. Cables and tubing can be passed through filtered
ports in the cage.

A typical MRI scan might take 30-40 minutes, and unless the part being scanned is
a leg, the patient’s head and torso will be within the magnet’s core for this time. The
rapidly changing currents in the gradient coils cause a loud banging noise. These may
be issues of concern for claustrophobic patients.

Issues for anaesthetists
1. Remote location

A modern MRI scanner weighs several tonnes, presenting structural limitations on
the location of the suite. Also, the need to isolate the scanner from extraneous
radiofrequency waves, and the fact that it is a relatively new technology that was not
incorporated into the design of older hospitals, can result in the MRI suite being
situated in a far-flung basement corner of the hospital. Even if not quite as dire as this,
the scanner will be outside the operating theatres, so all the issues of anaesthesia in the
remote location apply. These include the necessity to take adequate drugs, equipment
and assistance.

2. Specific patient characteristics
Patients requiring anaesthesia for MRI tend to fall into one of a small number of

categories, each with their own anaesthetic requirements. It is not the intention of this
review to address each of these issues. As mentioned previously, a substantial
proportion of these patients will be children. Other groups include: patients with
intellectual impairment or other neurological disease that prevents them lying still for
the requisite time, claustrophobic patients and critically ill intensive care patients who
are sedated while on ventilators. This latter group presents a high-risk population,
especially those on vasoactive infusions, and serious consideration should be given to
the risk-benefit ratio of the MRI.

3. Limited access to the patient
For most scans, the anaesthetist will scarcely be able to see, let alone access the

patient’s airway. Furthermore, the patient’s arms may be inaccessible, necessitating
long IV tubing.

4. Ferromagnetism
“Ferromagnetic” refers to an element that can become magnetised when exposed to

an external magnetic field. The term can cause confusion, as not all ferromagnetic
objects contain iron, and not all iron-containing (or ferrous) objects are ferromagnetic.
Iron is the most common example of ferromagnetism, hence the name, but other
ferromagnetic elements include nickel, cobalt and some of the rare earth metals (e.g.
gadolinium). Conversely, stainless steel is mostly iron, but the chromium, nickel and
carbon in the alloy alter its magnetic properties. The most common form of stainless
steel is called “austenitic” and is non-ferromagnetic.

Ferromagnetic objects will be drawn to the magnet, and can become dangerous
missiles for staff and patients (Figure 4). At least one death has been reported, that of
a six-year-old boy struck by a flying oxygen cylinder.3 The literature is littered with
reports of near misses.4 Ferromagnetic items must be kept outside the 30-50 Gauss
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lines5 or, ideally, excluded from the MRI suite. Only aluminium gas cylinders are
acceptable. Standard patient trolleys and IV poles contain iron, so are unsuitable.
Smaller problem items include metal stethoscopes, keys, pens, scissors and paperclips.
Most jewellery is safe (at least if it’s real gold!). If unsure, remove it or test it with a
magnet. 

Non-ferromagnetic metals will not be drawn to the magnet, but, when exposed to the
magnetic fields, can have electric currents generated in them, causing heating or
malfunctioning of electronic equipment. They can also cause image artefact.

5. The effect of the MRI on anaesthesia equipment
It is easiest to consider our equipment in the order in which one might en-

counter it when giving an anaesthetic. A comprehensive list is available at
http://www.mrisafety.com. 

a) Intravenous cannulae needles: These are made from stainless steel and are safe.5

b) Monitors: MRI compatible monitors are commercially available. These may
include a master monitor and a slave monitor. The slave monitor can sit in the
MRI control room and receive information wirelessly from the master, which stays
in the MRI suite. These monitors are expensive, costing in the order of

Figure 4. This is a chair stuck in the magnet core. Fortunately, no one was hurt in this incident. 
(Figure from http://www.simplyphysics.com/flying_objects.html)
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$AU120,000, approximately three times a comparable non-MRI compatible
monitor. Non-MRI compatible monitors invariably contain ferromagnetic
components, so may be unsafe. Care should be taken to consult the product
specifications before equipment labelled “MRI compatible” is purchased or used,
as some such items may still contain ferromagnetic components and will have a
maximum magnetic field to which they can be exposed.6

c) Non-invasive blood pressure cuffs: If the tubing connectors are plastic, not metal,
these will function normally and are safe.

d) Invasive blood pressure transducers: These are not ferromagnetic, and are safe to
use.7 Transducer cables should be kept out of the magnet bore, so as to avoid image
distortion.

e) Pulse oximeters: Standard pulse oximeters can malfunction in the MRI suite and
have also been reported to cause patient burns due to overheating.8 MRI
compatible pulse oximeters utilise fibre-optic cables. These function well but are
fragile and expensive to repair, so great care must be taken with their use.

f) Electrocardiogram (ECG) monitoring: The ECG is useful in the MRI suite only
to demonstrate a rhythm, as artefactual ST and T wave changes are common,
precluding any meaningful assessment of myocardial ischaemia. Any conductor
moving through a magnetic field will have a current induced in it. This is especially
so for objects moving at right angles to the orientation of the magnetic field. For
this reason, blood flowing through the aortic arch will generate a small current that
will be detected by the ECG. This manifests as peaked T waves, predominantly in
leads I, II, V1 and V2.5 V5 displays the least ECG change. The intermittent fields
cause artefact spikes. 

Standard ECG cables are insulated copper, and generate heat in the MRI
scanner. This is especially so if the cables are allowed loop. Carbon fibre leads have
less potential to heat. All leads should be kept as close as possible to the centre of
the magnet bore and should all run in a straight line from the praecordium towards
the patient’s feet. They should not lie directly on the patient’s skin, because of the
risk of burns. Braiding the leads to make one thick cable prevents one lead from
forming a large loop. 

The ECG dots must be MRI compatible, again to avoid burns. Some MRI
scanners have inbuilt ECG monitoring using wireless transmission of a signal from
chest leads. However this is only to allow cardiac gating for thoracic scans, not for
diagnostic purposes.

g) Capnography: Long sampling tubing may result in mixing of end-tidal gas with
dead space gas. As a result, end-tidal measurements may not be accurate, although
they are adequate for apnoea monitoring and for trends. Long tubing also gives
rise to a long lag time.

h) Temperature probes: Thermistor probes are not practical because of the
ferromagnetic content of their cables.

i) Anaesthetic machines: Standard Boyle machines and non-MRI compatible
anaesthesia workstations are unsuitable for use in the MRI. While MRI
compatible machines are available they cost in the order of $AU 80,000 with a
ventilator. This is approximately double the price of a comparable non-MRI
compatible machine. At least one portable MRI-compatible anaesthesia machine
is available, at about the same cost as a standard machine (Magmedix Portable
Anesthetic machine for MRI, model 2200). This 57�57�42 cm device,
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incorporating a ventilator, soda lime canister and vaporiser, resembles a machine
for military use.

j) Ventilators: MRI compatible ventilators are available and are generally included
with MRI compatible anaesthetic machines. Many stand-alone ventilators contain
ferrous components and electronic circuitry that may malfunction when exposed to
the magnetic field. The Dräger Oxylog 2000 is a simple fluidic ventilator that
functions normally in the MRI area. However, it does contain a small amount of
iron, so needs to be positioned sufficiently far from the magnet and anchored so
that  it does not become a missile risk. The distance from the magnet should be
determined by biomedical engineers before an anaesthetist takes such a ventilator
into the suite. Being a long distance from the patient means that accurate
estimation of tidal volumes is difficult, due to compliance of the circuit and gas
compression.

k) Breathing circuits: Circle, Bain and T-piece circuits can all be used if they are all
plastic. Care should be taken to exclude PEEP valves that contain metal springs.
In spontaneously ventilating patients, a Laerdal airbag (Laerdal Medical
Corporation, Stavanger, Norway) with a reservoir bag or a blue “T-bag” (T-bag
oxygen enhancement device, Ultimate Medical Pty Ltd) can be used.

l) Laryngoscopes: Although laryngoscopes may be non-ferrous, the batteries are
highly ferromagnetic and cannot be used in close proximity to the magnet. A
technique has been described for substituting lithium batteries and aluminium
spacers, allowing appropriate laryngoscope to be used anywhere in the MRI
suite.5

m) Endotracheal tubes: While standard tubes themselves cause no difficulties, the
spring in the pilot balloon can cause artefact. If this interferes with the area being
scanned, the pilot balloon tubing can be knotted and the spring cut off. Reinforced
tubes will cause significant artefact due to the metal coil. 

n) Laryngeal masks (LMA): Reinforced LMAs or FastTrachs are unsuitable for use
in MRI as they cause excessive artefact. Classic LMAs are suitable. Again, the pilot
balloon may cause artefact but this can be minimised without having to cut the
balloon off by taping it as far as possible from the area to be scanned.

o) Vaporisers: Early generation vaporisers are not accurate in the MRI suite, due to
malfunctioning of the bimetallic strip temperature compensation. Modern
generation vaporisers (e.g. Datex Ohmeda Tec7) are MRI compatible. Regardless,
as in the operating theatre, ANZCA guidelines mandate the use of agent
monitoring.

p) Syringe pumps: Common syringe pumps are not compatible with MRI. They
function accurately up to 100 Gauss,9 but pose a missile risk. They should therefore
be placed outside the scanning suite, with long minimum volume tubing running
through a wall port. This leaves a large amount of dead space in the line, leading
to drug wastage.

6. The effect of our equipment on the MRI
Inadequately shielded electrical equipment will emit RF signals that will interfere

with the MRI scanner, causing artefact. Non-ferrous metals close to the area being
scanned can create similar problems. Large non-ferrous objects in the scanning suite
should not be moved once the scan has commenced as this also can affect the magnetic
field.
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7. Implanted metallic devices 
a) Pacemakers: A permanent pacemaker constitutes a contra-indication to MRI

scanning. Currents generated in the pacemaker circuitry, even at low field
strengths (e.g. 17 Gauss), can cause serious malfunctions.10 This has resulted in at
least one death in Australia. Reports exist of patients with pacemakers being
scanned in low field strength scanners (0.5T),11 but the risk-benefit ratio needs to
be seriously considered.

b) Cochlear implants: These devices contain a magnet that holds the external
component to the subcutaneous receiver and is also involved in signal
transmission. This magnet may move and cause injury.12 If it is known at the time
of cochlear implant insertion that future MRIs will be required, the internal
magnet can be omitted and the external component secured with adhesive patches.
In such a case, an MRI could be performed, although significant artefact could be
expected in head scans.

c) Orthopaedic prostheses: The metal components of these prostheses are generally
titanium or chromium/cobalt. Screws and plates are stainless steel. While these
implants may cause some image artefact, they are safe in the MRI scanner.
External fixation devices often contain iron, so are contraindicated.

d) Prosthetic heart valves: These valves and annuloplasty rings undergo minimal
heating and torque and are safe in MRI,13, 14 although some artefact may be 
caused.

e) Aneurysm clips: These are variable. Earlier models were ferromagnetic, so could
move in the magnetic field, with potentially disastrous consequences. Most modern
clips are non-ferromagnetic and are safe in MRI.15 Due to this variability,
manufacturers’ specifications should be checked.

8. Other
a) Quenches: Sudden evaporation of the liquid helium due to a rise in temperature

can lead to a dangerously hypoxic environment in the MRI suite. This may not be
noticed as helium is colourless and odourless. A controlled quench will allow the
gas to escape to the atmosphere via quench pipes, but damage to the casing of the
scanner could allow helium directly into the room. As helium is lighter than air it
will rise, so oxygen analysers should be positioned high in the room.

b) Tattoos and make-up: Some tattoos and make-up contain metal pigments. These
can cause image artefact or heat, causing skin discomfort, although burns have not
been reported.

c) Magnetic media: Exposure to greater than 30 Gauss can cause corruption or
memory loss with credit cards, computer discs, digital watches and personal
electronic organisers inadvertently brought near the magnet.

d) Biological effects of MRI: If patients are moved in or out of the scanner quickly,
currents can be induced in nervous tissue, causing transient visual symptoms or
unusual tastes.13 This is particularly so in high strength magnets (e.g. >4T).

e) MRI in pregnancy: MRI does not involve exposure to ionising radiation, unlike CT
or plain X-rays. There is no evidence of teratogenicity from MRIs. Therefore, if
imaging is indicated during pregnancy it is the modality of choice. Having said that,
there is no definitive evidence of the safety of exposure to high strength magnetic
fields in pregnancy; thus, exposure should be avoided if possible, especially in the
first trimester, and the risk-benefit ratio carefully considered.16
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f) Contrast: The most common agent, dimeglumine gadopentetate (Magnevist,
Schering Pty Ltd), has a high therapeutic index compared to iodinated agents.
Anaphylactoid reactions have been reported as having an incidence of approxi-
mately 1:100 000. The dose (0.2 mls/kg) should be injected over one minute to
minimise pain on injection, as the preparation is hyperosmolar.

g) Noise: During scanning, noise levels in the magnet core approximate 95dB,16

equivalent to light roadwork. Earplugs may assist in patient comfort.

Anaesthetic technique
It is difficult, though not impossible, to comply with ANZCA guidelines for

monitoring without an MRI-compatible monitor. A case in a remote and potentially
hazardous location, with poor access to the patient, is not the time to relax monitoring
standards. 

Considerable debate exists regarding the relative merits of sedation and general
anaesthesia for MRI.17-20 Proponents of the former often have mild sedation
administered by non-medical personnel, although failed scans due to inadequate
sedation are common.17 If the patient’s anaesthetic requirements exceed conscious
sedation, it is the author’s experience that a formal general anaesthetic with an LMA
or ETT is preferable to deep sedation.

If an MRI-compatible anaesthetic machine is available, the anaesthetic technique
need not vary greatly from that used in the operating theatre. In such cases, the
anaesthetist can stay in the scanning room with the patient. If the patient requires
intubation, this should be done outside the scanning room. If an LMA is to be used and
the patient allowed to breathe spontaneously, care should be taken that there is not
excessive head movement with ventilation, as this will degrade the images. 

If no compatible machine is available, the patient must receive total intravenous
anaesthesia via syringe pumps outside the scanning room. In this case, the anaesthetist
will sit in the control room (i.e. not in the scanning room) during the scan, to allow
control of the pumps. This presents potential problems, and the anaesthetist should
ensure that monitors can be seen, and should not hesitate to interrupt the scan to enter
the scanning room should the need arise. (Even this is not foolproof, as a report exists
of a malfunctioning door to the scanning suite locking an anaesthetist out from his
patient, a baby under general anaesthesia!21) A three-way “multiflow” can be
connected to the patient’s IV cannula, with fluid connected to one limb, a propofol

Figure 5. A blue “T-bag” makes a very lightweight and compact “circuit” for spontaneously ventilating
patients receiving total intravenous anaesthesia. Manual ventilation (with small tidal volumes) can be
instituted by occluding the opening to atmosphere and squeezing the blue bag.



Anaesthesia for MRI 95

infusion with long tubing to a pump in the control room on the second limb, and a drug
injection line, again with long tubing to the control room, on the third.

The most common indication for anaesthesia for MRI in adults is claustrophobia.
These patients can breathe spontaneously on an LMA. A blue “T-bag” provides the
most lightweight and compact “circuit” (Figure 5). These bags have a volume of 300
mls; at tidal volumes exceeding this, room air will be entrained, decreasing the inspired
oxygen fraction. In most patients an FiO2 of 0.5-0.7 can be achieved. Using a Bain
circuit and high flow rates of 10-15 l/min, 100% O2 can be delivered. However, if this
is required, the suitability of spontaneous ventilation on an LMA should be
reconsidered. If the patient requires ventilation, an Oxylog ventilator can be placed 
a suitable distance from the scanner. Lightweight 22 mm corrugated tubing (e.g. 
Corr-a-flex® II, Hudson RCI®) comes in long rolls and can provide a suitable
connection between the patient and the ventilator, without the need for multiple
double-male connectors. As mentioned, the tidal volume set on a ventilator will be
greater than that actually delivered, due to high circuit compliance; capnography
should be used.

The issue of where to wake the patient depends on individual circumstances. If
facilities or staffing in the MRI department are not suitable, it may be safer to
transport the patient to the theatre recovery room for emergence.

Conclusion
In summary, anaesthesia in the MRI suite can be daunting and potentially

hazardous, if undertaken without prior thought and planning. However, as demand 
for this service increases (including even intra-operative MRI for neurosurgery!22),
anaesthetists should become familiar with the requirements in the MRI suite. In this
way, the high anaesthetic standards expected in the operating theatre can also be
achieved in this challenging environment, providing patient comfort, safety and high
quality images.

Further information
A number of excellent resources are available online:

• http://www.users.on.net/~vision/ — the Adelaide MRI Website — This website,
maintained by Greg Brown, a radiographer at Royal Adelaide Hospital, is a great
resource, with links to every other site you could want.

• http://www.cis.rit.edu/htbooks/mri/ — a very detailed review of the physics of MRI by
Dr Joseph Hornak of the Rochester Institute of Technology.

• http://www.mrisafety.com — the official website of the Institute for Magnetic
Resonance Safety, Education and Research, including a list of over 1300 implants
and other devices that have been tested for MRI safety.

• http://www.apsf.org/resource_center/clinical_safety/mri — an excellent review of
safety in the MRI suite by Dr Charlotte Bell, Associate Professor of Anesthesiology
at Yale.

• www.simplyphysics.com — among other things, good (in a schadenfreund sort of
way!) photos of projectiles stuck on magnets.
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INTRODUCTION
Soon after Total Hip Replacement (THR) was commenced in 1960,1 and Total Knee

Replacement (TKR) in 1971,2 a significant incidence of post-operative venous
thromboembolism (VTE) was noted. In clinical trials where venography was
mandatory, the prevalence of deep venous thrombosis (DVT) in patients not given
chemoprophylaxis was 45%-57% after THR and 40%-84% after TKR. Pulmonary
embolism (PE) occurred in 0.7%-30% after THR (fatal in 0.1%-0.4%) and 1.8%-7.0%
after TKR (fatal in 0.2%-0.7%).3

In a recent study by one of the authors (RO’R), of 5999 consecutive patients over
nearly seven years in the one institution, the prevalence was much lower when short-
term chemical and physical thrombo-prophylaxis were used. In this series, DVT was
found in 8.6% of patients after THR, in 25.6% after TKR and in 35.0% following
bilateral total knee replacement (BTKR). Symptomatic in-hospital non-fatal PE
occurred in 1.9% of all patients, and three patients suffered fatal in-hospital PE
(0.02%).4

ARE POST-THR AND POST-TKR DVTs DANGEROUS? 
If DVTs are dangerous, and prophylaxis has been shown to decrease their

prevalence, then prophylaxis should be used. If they are not, there is no place for
prophylaxis, with its attendant risks.

On one side of this question, Murray in 1996 concluded from meta-analytical studies
that there was not enough evidence to decide that any form of chemoprophylaxis
decreased the death rate after THR.5 He therefore felt that guidelines recommending
routine chemoprophylaxis to prevent death after THR were not justified. On the other
hand, the recent review of the American College of Chest Physicians recommended
anticoagulant prophylaxis after both THR and TKR.6

The review commented on the difficulty of finding appropriate end-points in clinical
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trials of thromboprophylaxis. If either all-cause mortality or fatal PE is used as the
outcome measure, large trials are needed because of the low incidence of death, and
autopsy confirmation of PE is difficult. Further, the review pointed out that insistence
on mortality or fatal PE as the only important outcomes ignores the significant burden
of illness due to symptomatic thromboembolic events.

HOW SHOULD DVTs BE DIAGNOSED? WHO SHOULD BE INVESTIGATED?
Even if one believes, as we do, that DVTs following THR and TKR are important

and prophylaxis should be used, one has to decide how to diagnose DVTs in this
context. Should all patients be investigated for DVT, or only those who are
“symptomatic”?

We think that the concept of “symptomatic” and ”asymptomatic” DVTs is flawed.
After THR and TKR all patients have some pain and swelling in the leg, and it is
clinically impossible to be certain as to whether patients have a DVT or not. In the
Mater Trial,4 all patients were investigated with venous Doppler ultrasound (DUS) of
both legs in order to estimate the prevalence accurately. We found that it was difficult
to know who had a DVT without investigation; if a DVT was discovered, it was difficult
to predict its behaviour. With treatment, 90% of thromboses showed no extension after
a week, but some lengthened and some were associated with PE.

These findings raise a question. Should only those patients clinically suspected of
DVT be selectively investigated (on the grounds that most DVTs are relatively
harmless and the prevalence of fatal PE is low), or should concern about morbidity
arising from DVTs and non-fatal PEs (and the difficulty in knowing which DVTs will
cause further problems and which ones will not) prompt investigation of all patients?
We feel the latter course is the preferable one, and that all patients should have
thromboprophylaxis, pre-discharge DUS and appropriate management of any DVT
found.

As a further reason for this protocol, many of our patients had long journeys home
after discharge. These sometimes involved many hours of travel by car, train or plane,
with some even travelling on international flights. It seemed prudent not only to
decrease the incidence of in-hospital DVT in these patients, but also to know their
individual pre-discharge DVT status before approving such travel in their relatively
immobile state. 

WHAT ANAESTHETIC TECHNIQUE IS OPTIMAL FOR THR AND TKR?
1. The Physician’s view

In the Mater Hospital study, one of us (RO’R) had assessed many of the 5999
patients well before admission to hospital. If the patients required medical
consultation after surgery, they were seen by the same physician. Over the nearly seven
years of the study, the impression was formed that different anaesthetic techniques
resulted in quite different post-operative well-being, especially in the first 48 to 72
hours.

Those who had general anaesthesia (GA) followed by patient-controlled analgesia
(PCA) seemed more drowsy, in more pain and more likely to have GIT problems,
especially vomiting, than those having epidural anaesthesia with epidural analgesia via
a catheter for 36 hours post-operatively. The latter technique was commonly used in
the early years of the study, which began in April 1995. The epidural patients seemed
more alert, in less pain and were more able to cooperate with the physiotherapist in the



first two or three post-operative days. This cooperation is especially important after
TKR, when being able to put the new knee through as wide a range of movement, at
the earliest possible time, seems advantageous to outcome. Obviously long-term
studies, rather than clinical impressions, are needed to see if this really is the case. The
epidural patients seemed able to eat and drink earlier than the GA patients, and were
less likely to vomit. 

In summary, THR and TKR patients need careful initial selection by their general
practitioner and orthopaedic surgeon. If they have a chronic medical condition, or if
there is any doubt about their fitness for surgery, they should have a thorough
assessment by a physician, well before their admission to hospital. Ideally, that same
physician should be readily available to discuss with the anaesthetist the optimal intra-
and postoperative care, and to carry out any medical post-operative care.

2. The anaesthetist’s view
The relief of postoperative pain remains a considerable challenge to every surgeon

and anaesthetist. There are many reasons for adequate relief of postoperative pain
other than the obvious comfort to the patient. There is now good evidence that
inadequate postoperative pain relief can lead to chronic pain syndromes persisting well
beyond the surgical experience. Pain relief has now been elevated to the status of a
“Human Right” and public expectation in this area is high.7 Many techniques are
available to relieve a patient’s pain. Over the past forty years, these have included
inhalational techniques, intramuscular and subcutaneous opioids, nonsteroidal
analgesics, intravenous opioids administered intermittently, continuously or by patient
controlled methods and the more invasive methods of peripheral and neuraxial
blockade. New concepts have emerged and a better understanding of the physiology
and pharmacology of neural transmission and receptors has allowed a more rational
approach to the problem. 

As noted earlier, O’Reilly et al found a high prevalence of venous thrombosis and
potential embolism in lower limb joint replacement in spite of modern physical and
pharmacological prophylaxis. These results pose considerable questions about clinical
management. Joint replacements, especially of the knee, are extremely painful
procedures. However, in decisions on the management of this pain, the overriding
factor is the question of safety. Whichever anaesthetic and analgesic method is
selected, it must offer the patient the highest level of safety possible. No method is
without potential complications, but some techniques are less invasive and carry less
likelihood of permanent sequelae. 

As already discussed, we believe that THR and TKR patients need chemo-
prophylaxis against VTE. Anticoagulation poses a dilemma with regard to neuraxial
blockade and, on the basis of the “Mater Study”, we now know that a number of
patients will develop DVTs and will require large doses of anticoagulants during their
hospital stay and after discharge. The recently conducted Master Trial found no
decreased morbidity and mortality with the use of epidural anaesthesia.8 This trial was
confined to major abdominal surgery and there was no reference to the question of
anticoagulation. However, the authors commented that pain relief with EDB was
probably superior to other methods and that the ability to cough painlessly was a large
advantage. There is also the beneficial effect of the ablation of the neurohumoral stress
response to surgery, and the widely held belief that neuraxial anaesthesia offers
protection against venous thrombosis.  
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The incidence of epidural haematoma is very low, although it may be under-
reported. It can occur spontaneously, unrelated to surgery or anaesthesia. The
development can be insidious, late in onset and difficult to diagnose. When it occurs,
epidural haematoma may be catastrophic, and even when early diagnosis is made with
modern imaging techniques, the outcome can vary from residual neurological deficit
to frank quadriplegia. Evidence suggests a higher risk with thoracic epidurals,
especially in elderly females. 

A high incidence of epidural haematoma in the USA was attributed to excessive
dosage of prophylactic anticoagulants, but following modification of the dose, cases 
still appear.9 Based on large clinical studies there are conventional rules regarding 
the concomitant use of epidurals, especially with indwelling catheters, and anti-
coagulants.10 Rules define so-called safe insertion and removal times, which seem to be
crucial issues. A testing problem arises when a patient with an indwelling epidural
catheter is diagnosed with a DVT or other vascular incident requiring high dose LMW
heparin or warfarin. 

A complicating factor with these rules is the unpredictability of the duration of low
molecular heparins and the inability to reverse them adequately. Warfarin is also
particularly dangerous and to rely on a “near normal” INR is fraught with danger. In
spite of clinical and laboratory estimations, we are still “flying blind” to a considerable
degree with regard to epidural vascular fragility and potential coagulopathy.

The use of single shot spinal block with a fine pencil tip needle certainly appears
attractive in view of the above discussion. Complications can still occur, but are less
likely. Spinal morphine with proper postoperative supervision may be a safe alternative
to an epidural. Dosage is important with regard to the development of sudden late
onset respiratory failure. Many anaesthetists are also turning to peripheral nerve
blocks with long acting local anaesthetics as an alternative. Like any other technique,
complications such as direct neural damage and local anaesthetic toxicity can occur.
Although usually quite satisfactory, PCA analgesia can be associated with serious
respiratory depression, especially if over-enthusiastic opioid loading occurs
intraoperatively or in the recovery room.

In summary, the anaesthetist must offer the patient a safe method of pain relief,
even if acknowledging complete analgesia may not be achieved. All patients must be
fully informed of all aspects and risks of the method selected. We can be a little
reassured that most postoperative pain is quickly forgotten. The best technique is
probably the one the anaesthetist is most familiar with. The training of dedicated
nursing staff is also very important. The choice must come from a careful evaluation of
all aspects of the available methods in the light of the care and observation available in
each institution. 

REFERENCES
1. Charnley J. Arthroplasty of the hip: A new operation. Lancet 1961; 1:1129-1132.
2. Gunston FH. Total Knee Arthroplasty. J Bone Joint Surg Br 1971; 53B:272-277.
3. Geerts W, Heit J, Clagett G, et al. Prevention of venous thromboembolism. Chest 2001; 119(1 Suppl):

132S-175S.
4. O’Reilly RF, Burgess IA, Zicat B. The prevalence of venous thromboembolism after hip and knee

replacement surgery. Med J Aust 2005; 182:154-159.
5. Murray DW, Britton AR, Bulstrode CJK. Thromboprophylaxis and death after total hip replacement. 

J Bone Joint Surg Br 1996; 78:863-870.
6. Geerts W, Pineo GF, Heit JA et al. Prevention of venous thromboembolism: the seventh ACCP

Conference on Antithrombotic and Thrombolytic Therapy. Chest 2004; 126(3 Suppl):338S-400S.



Venous Thromboembolism, Joint Replacement, Anticoagulation 101

7. International Association for the study of Pain (IASP) and European Federation of IASP-Chapters
(EFIC). Declaration on Global Day Against Pain: “The Relief of Pain should be a Human
Right.”October 11, 2004.

8. Rigg JRA, Jamrozik K, Myles PS, et al and the MASTER Anaesthesia Trial Study Group. Epidural
anaesthesia and analgesia and outcome of major surgery; a randomised trial. Lancet 2002; 359:1276-
1282.

9. Hynson JM, Katz JA. Anaesthetic implications of low molecular weight heparins. Anesthesiol Clin N Am
1998; 2:153-174.

10. Horlocker TT, Heit JA. Low molecular weight heparin-biochemistry, pharmacology, perioperative
prophylaxis regimens, and guidelines for regional anesthetic management. Anesth Analg 1997; 85:874-
885.



Analgesia After Thoracotomy —
The Role of the Extrapleural
Paravertebral Catheter

ERIN COOK, MB, BS, BSc (Med) Hons, FANZCA
Department of Cardiothoracic Anaesthesia, Prince of Wales and Sydney Children’s
Hospitals, Randwick

CATHERINE DOWNS, MB, BS(Hons 1), FANZCA
Department of Cardiothoracic Anaesthesia, Prince of Wales and Sydney Children’s
Hospitals, Randwick

Erin Cook trained in anaesthesia mainly at the Prince of Wales Hospital in Sydney
and is an anaesthetist at the Sydney Children’s Hospital. He has also worked in
retrieval medicine for CareFlight, and in medical education at UNSW, the Sydney
Medical Simulation Centre and in Fiji. Catherine Downs is a Consultant Anaesthetist
at the Prince of Wales and Sydney Children’s Hospitals in Sydney. Her particular
interests are in cardiothoracic and neonatal anaesthesia.

“This great little block is so easy that you can even train a surgeon to do it! I much prefer,
however, to scrub in and do it myself, or get my registrar to ‘see one, do one’ and someday
teach one.”

An extrapleural paravertebral catheter sits longitudinally in the potential space
between the parietal pleura and the ribs posteriorly about five centimetres from the
midline. It can be positioned under direct visualisation at thoracotomy so that a pocket
of local anaesthetic (LA) overlies the relevant nerves and that the catheter is in the
correct plane and is not in a vessel. The block has been used to provide unilateral
analgesia after adult thoracotomy since the late 1980s.

In 1997, a series of these blocks in children was reported.1 Since then, further
research has made this a mainstay for postoperative analgesia after paediatric and
neonatal thoracotomy, avoiding some of the risks of thoracic epidural anaesthesia
(TEA) in the anaesthetised child. It has also proven to be an extremely effective form
of analgesia, with minimal complications in adults.2-6 Indeed, the available evidence
supports the claim7 that it is the most desirable technique currently available for
providing regional anaesthesia for the post-thoracotomy patient. 

Nomenclature
There is great variation in the nomenclature used in the literature for this technique

of pooling LA in the paravertebral space. Different approaches to the space are also
described, with or without the use of a catheter; this has led to several different terms
being used to describe the same blockade. Continuous extrapleural intercostal nerve
blockade (CEINB), retropleural block, and paravertebral block have all been used. It
will be referred to here as “extrapleural paravertebral block”.
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Anatomy
The vagus and phrenic nerves carry some afferent sensation, but the predominant

afferent pathways for central conduction of nocioception following lung surgery occur
via the following nerves:

• anterior primary rami — incisional pain, chest wall and most of the parietal pleura
• posterior primary rami — retraction pain from posterior spinal muscles and costo-

vertebral ligaments 
• sympathetic nerves — visceral nocioception from visceral pleura and lungs.
The site of the block determines which of these structures can be anaesthetised

(Table 1).

The intercostal nerve
The anterior primary ramus forms the intercostal nerve which then travels laterally

with the intercostal artery and vein. It sits within a sheath which is thinner in its early
paravertebral course, allowing more ready penetration by LA. The traditional
approach to intercostal nerve blockade is at the angle of the rib. At this distance from
the midline, the sympathetic chain, and dorsal ramus of the intercostal nerve are not
reliably blocked. This leads to inferior analgesia when compared to extrapleural para-
vertebral blockade. Additionally, only one level tends to be blocked due to adherence
of the pleura to the rib, effectively separating off each level. For this reason, intercostal
nerve blocks lateral to the angle of the rib require injections at multiple levels.
However, medial to the angle of the rib, the pleura is less adherent, enabling LA
deposited at one level to spread cephalad and caudad with ease, potentially blocking
nocioception from the three pathways from all surgically affected dermatomes (Figure 1).

The extrapleural paravertebral space
The extrapleural paravertebral space is a wedge shaped area between the heads and

necks of the ribs.8 It is a potential space that is easily created by fluid distension. The
space is continuous with the epidural space medially and the neurovascular space
beneath each rib laterally. The boundaries of the space are described in Table 2.

The space contains the following neurological structures:
• spinal nerve, dividing into the rami
• rami communicantes (white and grey) 
• sympathetic chain.
As mentioned, the placement of LA extrapleurally, medial to the angle of the rib, is

more likely to spread to multiple levels than an intercostal nerve block at or lateral to
the angle of the rib. The major mechanism of spread of LA over several intercostal
levels, and hence analgesia over multiple dermatomes, is via the paravertebral space.1,8

Hence, a catheter that is placed longitudinally along this space is ideally situated to
provide a continuous pool of agent to bathe multiple intercostal nerves and the
ipsilateral sympathetic chain (Figures 2 and 3).

Table 1
Effect of different regional techniques on relevant pain transmitting pathways

Technique used Posterior rami Anterior rami Sympathetics

Thoracic epidural analgesia Bilateral Bilateral Bilateral — may cause BP drop
Extrapleural paravertebral block Ipsilateral Ipsilateral Ipsilateral — BP is stable
Intercostal nerve block Not blocked Ipsilateral Not reliably blocked



Mechanism of action
Distending the extrapleural paravertebral space with LA to bathe the above

structures leads to direct blockade of all relevant pain fibres. These nerves are within
the same tissue plane as the extrapleural paravertebral catheter and, in this location,
the intercostal nerve has only a thin membranous sheath allowing easy penetration by
LA.7 An undetermined portion of the effect may be due to epidural spread in some
patients. Although the block is almost always unilateral, we have occasionally seen

Extrapleural Paravertebral Blockade 105

Table 2
Boundaries of the extrapleural paravertebral space (adapted from Richardson, 2004)7

Boundary Structures

Posterior • Superior costotransverse ligament
• Posterior intercostal membrane (this is the medial continuation of the internal intercostal

muscle)
Anterior • Parietal pleura — this must be intact to form the anterior boundary of the extrapleural

space and prevent spillage of LA to the interpleural space
Medial • Vertebra

• Intervertebral disc
• Intervertebral foramen — LA may track through the foramen and produce epidural

analgesia
Lateral • No limit — the paravertebral space is continuous with the intercostal space
Inferior • Sacrum 
Superior • Occiput

Figure 1. The potential space is expanded with local anaesthetic which forms a pocket to bathe the nerves
(from AIC 1997 with permission from authors).
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patients with a patch of numbness on the opposite side, perhaps due to epidural spread
or extrapleural spread across the front of the vertebral body.

When can it be used?
Extrapleural paravertebral block has been successfully used for thoracotomy

procedures in a wide range of patients. It has been successfully used in pneu-
monectomy, spinal surgery patients and bilaterally, for bilateral thoracotomy and can
be adapted for surgical placement when performing video assisted thoracoscopic
surgery (VATS). All that is required is that the parietal pleura covering the vertebral
bodies and a few lateral centimetres are left intact,7 and that this pleura is not
pathologically adherent to the rib due to infection or fibrosis.

As mentioned earlier, it is suitable for use in children, for whom it has been
repeatedly demonstrated to provide excellent analgesia and minimise opioid require-
ments with a very high safety profile. Cheung9 studied neonates with a median age of
1.5 weeks and found the technique easy, effective, and without complication. 

Evidence for its use post-thoracotomy
The outcome measures in comparing different analgesic techniques post-

thoracotomy are:
• visual analogue scores, particularly with respect to coughing or movement

(dynamic analgesia)
• total opioid consumption 
• preservation of preoperative pulmonary function.

Figure 2. Correct position of a left sided extrapleural paravertebral catheter.
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With respect to these features, clear advantages of extrapleural paravertebral block
have been demonstrated over systemic opioids, and interpleural analgesia. 

There are eight randomised studies comparing epidural (TEA) with extrapleural
paravertebral blockade.6, 11-18 These are summarised in Table 3. Several of these studies
have demonstrated a benefit with the paravertebral technique over TEA either in
terms of analgesia, particularly after day one, and/or a significant reduction in side
effects.6, 11, 14-16 Preservation of spirometry with extrapleural paravertebral infusions 
is superior to that of TEA.16, 18 In 1999, Richardson18 reviewed 55 studies of post-
thoracotomy analgesia where perioperative spirometry had been measured. This
involved 1762 patients. The most effective analgesic method in terms of preservation

Figure 3. X-ray of a child after contrast was injected down a left extrapleural catheter. (From AIC 1997 with
permission from authors.)1 Note: The catheter itself cannot be seen through the contrast. The LA pocket has
its upper extremity at the level of the clavicle. There is a left sided chest drain. 
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of spirometric function was the extrapleural paravertebral technique, with an approxi-
mate 75% preservation of preoperative values. This compared to 50-55% with TEA or
intercostal blocks. In addition to these randomised studies, many authors have
documented safety, ease of insertion and maintenance, and high quality analgesia in
case series of extrapleural paravertebral block.

None of these studies directly compares the use of TEA ropivacaine and fentanyl to
extrapleural paravertebral infusion of LA. In our experience in adults, an effective
extrapleural block with ropivacaine 0.2% does not provide quite as good analgesia as
a TEA; however, ropivacaine 0.375% produces excellent analgesia and may carry a
lower risk than TEA. 

Technique of placement of the extrapleural paravertebral catheter
Different techniques are described in the literature, but there is no consistent

nomenclature. Here they will be discussed in terms of anaesthetic style, surgical style

Table 3 
Randomised trials comparing epidural with extrapleural paravertebral blockade for post-thoracotomy

analgesia

Author No. of Group A Group B Outcome
patients Epidural Extrapleural

Matthews11 20 Bup 0.25% Bup 0.25% Equivalent analgesia
1989 Group A — more hypotension and

urinary retention

Richardson6 20 Morphine Bup 0.25% Pain, lung function same.
1993 Group A↑side effects

Perttunen12 45 Bup 0.25% Bup 0.25% Equivalent VAS, opioid use,
1995 4-8 ml/hr 4-8 ml/hr respiratory function

Dauphin13 61 Morphine Bup 0.5%+Adr VAS same
1997 7 micro/kg 0.1 ml/kg/hr Bup levels not toxic after 5 days

Kaiser14 30 Bup 0.375% Bup 0.5% Equivalent VAS, opioid use, 
1998 and fent. 0.1 ml/kg/hr respiratory function

2 microg/ml Group A↑side effects
at 4-8 ml/hr B more practical

Bimston15 50 Bup 0.1% Bup 0.1% Group A better VAS first 24 hrs, 
1999 and fent. and fent. then no difference 

10 microg/ml 10 microg/ml Group A↑side effects
at 10-15 ml/hr at 10-15 ml/hr Note low concentration of Bup.

*Richardson16 100 Bup 0.25% Bup 0.5% Group A — worse VAS and resp
1999 0.1 ml/kg/hr 0.1 ml/kg/hr function.↑side effects: N&V,

hypotension, urinary retention

**Debreceni17 47 Bup 0.25% Bup 0.25% Group A better VAS first 12 hrs, 
2003 5-10 ml/hr 5-10 ml/hr then no difference. Same opioid 

use, and lung function

Bup=Bupivacaine (used in all the above studies); VAS=visual analogue scale.
All studies preceded their extrapleural infusions with a bolus of bupivacaine, usually 0.25% or 0.5%, 
0.3 ml/kg.
*Note no opioid was used in the epidural solution.

**The catheter position in this study was between the internal and external intercostal muscles, not between
the parietal pleura and the posterior intercostal membrane as is recommended.
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or blind percutaneous placement (chest closed). The desired catheter position is the
same with each. 

Anaesthesia style of placement — direct visualisation
The catheter is inserted percutaneously by a scrubbed anaesthetist or surgeon using

a Tuohy needle under direct visualisation of the parietal pleura, just before closure of
the thoracotomy wound. The ideal skin entry point is two intercostal spaces below the
level of the thoracotomy and about five centimetres from the midline posteriorly (in an
adult). As the tip of the Tuohy needle is seen to enter the potential space beneath the
parietal pleura, the stylet is removed and LA is injected. This raises a bleb under the
parietal pleura which, after 10 to 20 ml (again, in an adult) forms a pocket extending
several levels above and below the surgical level and separate from the thoracotomy
incision. The catheter is then fed into this newly formed pocket in a cephalad direction.
This anaesthetises the relevant nerves and provides analgesia for emergence from the
general anaesthesia.

Intra-operatively, additional NSAID, tramadol and/or opiate are usually given to
help cover pain from the chest tube. These are also prescribed for regular analgesia in
the postoperative period, as described in Appendix I.

This is our preferred technique of placement. The doses and volumes of LA
required are summarised in Appendix II, and some “tips and tricks for the novice”
have been included in Appendix III.

Surgical placement — direct visualisation 
This technique refers to the creation of a local anaesthetic pocket by peeling back

the pleura at the posterior edge of the thoracotomy wound as far medially as the
sympathetic chain and inserting the catheter into this space. Often a Tuohy needle and
a separate percutaneous skin entry posterior to the thoracotomy incision are used to
site the catheter in the space. This is performed by the surgeon at open thoracotomy
and involves placement and confirmation of the catheter position under direct vision.
The pleura may then be tacked back down to separate the pocket of LA from the
surgical wound and reduce spillage of LA to the interpleural space. Because of this
step, this technique is more time consuming than the anaesthetic technique outlined
above. This method was first described in a case series of 81 patients in 1988.8

Surgeons who have left the pleura open have found the analgesia comparable to that
of epidural,3 whereas closing the pleura by suturing it back down to form the local
anaesthetic pocket, results in superior results and decreased LA requirement.7 Despite
closing the pleura between the LA pocket and the posterior edge of the thoracotomy
wound, some LA may still be lost into the interpleural space and through the chest
drain. This loss may not only increase dose requirements, but can also result in pooling
on the diaphragm and impair function.

Blind percutaneous placement
The catheter may be placed blindly preoperatively, with subsequent confirmation

and/or adjustment of position by the surgeon at thoracotomy. This might be done if
analgesia prior to incision is desired but it is more time consuming and carries a failure
rate of 6%,19 much higher than if the catheter is positioned under direct vision. If this
technique is used then confirmation of position by visualisation should be performed
where possible. This blind approach also carries a pneumothorax risk of 0.5%,19 not
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desirable just prior to induction of anaesthesia. We do not recommend this technique
as one must weigh these risks against the unproven benefit of pre-emptive analgesia.

Which approach to use?
The balance of risk, benefit and effective time management favours placing the

catheter under direct vision just prior to wound closure and using the anaesthetic style
of insertion. This provides a pocket of LA overlying the relevant nerves and separate
from the incision, so that the agent does not spill into the interpleural space. This
approach is more rapid and more accurate than others and reduces the potential for
complications.

Advantages of the technique
Unilateral blockade

As it only affects the ipsilateral nerve roots and sympathetic chain, a continuous
unilateral blockade minimises depression of normal chest wall function, hypotension
and urinary retention.3,5 Indeed, it is unnecessary to monitor specifically for the
cardiovascular changes and motor block seen with epidural analgesia.7

Ease and safety of insertion
The catheter is remarkably quick and easy to place, with the only potential obstacle

being the presence of scarring in the paravertebral space. It is placed under direct
vision in the open chest with the patient anaesthetised, ensuring accurate placement
and minimal risk of morbidity. These factors are an improvement over TEA. The
concern of spinal cord damage from epidural catheter placement is also avoided.
Because of the safety of insertion, there is no asleep vs awake dilemma, intravascular
catheterisation is unlikely and haematoma formation will be reduced. If it does occur,
the consequences are of less significance, as the spinal cord is not in immediate
proximity. There are no issues with timing of perioperative DVT prophylaxis. No major
complications have been described after 16 years of use.

Blocks relevant nerves
There is blockade of the anterior and posterior rami of the spinal cord and the

sympathetic chain. A bolus is given intraoperatively, and the infusion of LA is able to
be titrated to response. This may be continued for several days. The dose or rate of
infusion may be decreased after day two as pain decreases.

Simplified postoperative care 
There is no requirement for postoperative high dependency care, which may 

be considered necessary in the epidural patient. No additional nursing skills or
observations are required. Aseptic changing of syringes is all that is mandatory.
Hypotension is not as common as with TEA, due to the unilateral block.

Patients maintain adequate ventilation and good cough effort
This enables a strong capacity to comply with postoperative physiotherapy and

reduces pulmonary complications. The patients are actively encouraged to mobilise
fully. There is an approximate 50% reduction in preoperative lung function with TEA,
in comparison to extrapleural paravertebral block, which results in only a 25%
reduction.7
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Inexpensive
These patients are managed on the regular post-surgical ward, with less risk of

hypotension. This significantly reduces intensive care admissions resulting in major
cost savings.

Potential problems/complications with the extrapleural paravertebral catheter
Abnormal paravertebral space

The only absolute contraindications to the use of this block are localised sepsis, such
as empyema, and tumour within the paravertebral space. Scarring within the
paravertebral space will lead to failure of spread of LA and failure of intercostal nerve
blockade. We have found that patients with previous CABG frequently have fibrosis in
the paravertebral space and the technique is often unsatisfactory in this group. Of
course, if there is no remaining intact pleura to form an anterior limit to the space, the
block cannot be effective.

Potential for local anaesthetic toxicity
LA toxicity has never been reported with this technique, and several authors have

found that the plasma concentrations have remained below toxic thresholds even after
five days of infusion.4,9 In fact, there is a greatly reduced risk of causing LA toxicity
when compared to TEA, because the catheter is placed under direct vision and the
initial bolus is known to be in the correct plane and not in a vessel. 

Inflammation and arterio-venous malformations within the paravertebral space
could increase LA absorption.

Horner’s Syndrome
A unilateral sympathetic block occurs and may be manifested by a Horner’s

syndrome, if spread to the cervical region has occurred. This is of no concern, but if
troublesome to the patient, can be reversed by having the patient sit upright or by
slowing the infusion rate.1

What drugs to use?
Any LA agent can be used. Bupivacaine and lignocaine are the most widely studied.

Several authors have found that infusion of lignocaine produces a safe block with
similar efficacy to longer acting agents, and have argued that there is no need to use
the more expensive agents.2 Adrenaline may lower absorption and serum levels of LA. 

The initial bolus is important; 15-20 ml of 0.25-0.5% bupivacaine in adults produces
acceptable levels. Bupivacaine 0.25% bolus and infusion used in infants with a median
age of 5.3 weeks were also found to be satisfactory.20 Smaller neonates can also be
safely given 0.5 ml/kg of 0.25% bupivacaine, with infusions often unnecessary. In adults
continuous infusions have been found to provide better analgesia than single or
repeated boluses. 

There is very little data on ropivacaine in this application. However, it has become
the most commonly used agent because of its low cardiotoxicity compared to
bupivacaine. The ropivacaine doses we use are extrapolated largely from epidural 
data. A study looking at ropivacaine blood levels after extrapleural paravertebral block
would be helpful. An initial bolus of 0.5% 10-20 mls provides good distension of 
the space and can be followed by an infusion of 0.375% at 0.1 ml/kg/hr. These doses
are outlined in Table 4. The use of 0.2% ropivacaine is usually satisfactory, especially
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in children, but will lead to adults having inferior analgesia compared to TEA. Hence,
the higher concentration is recommended in adults, and will still provide safe
analgesia. There are no case reports of LA toxicity with the recommended rate of
infusion. 

There is little data on adding adjuvant drugs to the local anaesthetic.

What of the alternative: thoracic epidural analgesia (TEA)?
TEA has been the most commonly used regional technique for analgesia after

thoracotomy. There have been several large studies highlighting the excellent analgesia
it offers, being demonstrably superior to PCA opioid alone. It has also been shown in
some studies that measures of pulmonary outcome are significantly improved by
epidural LA, although others have failed to demonstrate this. Additionally, there is a
more rapid return to normal autonomic function with TEA, when compared to PCA.
Others have found a reduction in chronic post-thoracotomy pain. 

Despite its popularity, there is no randomised, controlled trial that clearly shows
post-thoracotomy outcome is superior when TEA is used. A large meta-analysis of
9559 patients having central neuraxial blockade for all surgery, demonstrated a
significant reduction in thromboembolic phenomenon, pneumonia, myocardial
infarction, transfusion requirements, respiratory depression and death.21 The inclusion
of all surgical procedures and the failure of confirmation of these results by the widely
quoted MASTER trial22 makes it difficult to apply these findings to the thoracotomy
group. Additionally, the positive findings were mainly derived from the subset of
patients undergoing orthopaedic surgery, whereas no significant effects were found in
the other procedure groups (urology, abdominal and thoracic). 

In recent years, there has been a growing appreciation of TEA complications, of
which several are potentially catastrophic. This has resulted in a growing reluctance to
use TEA and a search for a safer technique. As discussed earlier, the evidence favours
the extrapleural paravertebral catheter technique — it is equally well accepted by
patients, provides equivalent analgesia, is cheaper, technically easier and has fewer
complications (Table 5).

We are all familiar with the complications of TEA. It must be reinforced that the
alternative technique of paravertebral extrapleural blockade, with a catheter placed

Table 4
Recommended dosing schedules9, 10, 23

1. Adults 2. Paediatrics

Bupivacaine Ropivacaine Bupivacaine Ropivacaine

*Loading 0.25-0.5%+Adr 0.5% 10-20 ml 0.25% 0.3 to 0.5 ml/kg 0.2% 0.3 to 0.5 ml/kg
dose 10-20 ml

Infusion 0.25-0.5% at 0.375% at 0.25% at 0.1 ml/kg/hr 0.2% at 0.1-0.2 ml/kg/hr
Day 0-1 0.1 ml/kg/hr 0.1 ml/kg/hr or 0.125% at

0.2-0.3 ml/kg/hr, in
smaller infants requiring
larger volumes

Infusion Reduce dose or cease infusion after Reduce dose or cease infusion after 48 hours
chest drains removed

*The loading dose needs to be of sufficient volume to raise a pocket of LA covering at least 2 ribs above and
below the level of the thoracotomy incision; this varies with the individual and is usually about 0.3 ml/kg. 
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under direct vision in theatre under strict aseptic conditions, does not have these major
complications. If an abscess or haematoma did eventuate in the paravertebral space,
the consequences would not necessarily be as dire.

Conclusion
Both TEA and extrapleural paravertebral block provide high quality analgesia,

clearly superior to intravenous opioids and other regional techniques. They both
preserve pulmonary function. Side effect profiles and potential complications may
favour the choice of the extrapleural paravertebral over the epidural catheter for
analgesia after thoracic surgery. 

A randomised trial comparing local practice of TEA (with ropivacaine 0.2% and
fentanyl 2 microg/ml) and extrapleural paravertebral infusion of 0.375% ropivacaine
would help to determine if these techniques are equivalent or not.

Summary
Continuous intercostal nerve blockade via an extrapleural paravertebral catheter is

a technique with an inherent safety. It delivers excellent analgesia, comparable to
TEA. The catheter is simple to position and its correct location can be confirmed
under direct vision. It is safe to place in the anaesthetised patient and it does not
necessitate specialised high dependency nursing. It is a technique that is appropriate in
the vast majority of thoracotomy procedures, and there is no reason why it should not
be more widely relied upon as the cornerstone of the analgesic plan in these patients.
Supplementation with regular paracetamol, tramadol and/or NSAIDs and with break-
through subcutaneous opioids available, will allow high-quality, low-complication
analgesia to be delivered. 

Table 5
Comparison of extrapleural paravertebral and thoracic epidural blockade

Extrapleural Paravertebral Thoracic Epidural

Unilateral blockade Yes No

Quality of analgesia Excellent Excellent

Preservation of respiratory Well preserved (75%)7 Preserved (50%)7

function

Nursing care No extra requirements HDU/ICU care
Urinary catheter often required
Itch, nausea and vomiting common
problems

Insertion technique Direct vision Blind placement
Simple Technical skill required
Safe to place when anaesthetised Patient should be awake for

placement

Complications Very rare Rare
Horner’s syndrome Hypotension may be problematic

Catastrophic complications possible

Familiarity Still unfamiliar to many Widely used
Popularity decreasing

Contraindications Local/systemic sepsis Local/systemic sepsis
Adherent or disrupted pleura Anticoagulation
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Some practical tips and tricks for using the anaesthesia style of placement 

• When the surgeons are prepping, ask them to drape back to the midline of the back; this gives you
flexibility with your skin entry site.

• We always ask them if it’s OK to scrub in at the end to site the catheter. After a few cases this
becomes routine, but the surgeon will usually want to learn to do it themselves at some stage.

• Use a 16 gauge epidural kit for all but a small child.
• Ask for 5 minutes notice before they are ready to start closing, so you have time to scrub.
• Usually stand behind the patient; ask the surgeon to explain any anatomy you don’t recognise.
• Palpate the ribs about 5 centimetres out from the midline (in an adult) and find the intercostal

space 2 or 3 below the incision interspace.
• Taking the Tuohy needle enter the skin and pass between the ribs heading cephalad and slightly

medial, keep the curved tip of the needle oriented toward the pleura. Remember that the
intercostal vessels run in a groove under each rib so stay closer to the rib below.

• Looking inside the chest and advancing the needle slowly, you will see the curved tip of the Tuohy
emerge into the potential space beneath the parietal pleura.

• If you perforate the pleura, don’t fret! Remove the needle and change the angle slightly so the
needle tip appears a few centimetres away from the perforation.

• Once the needle is under the pleura remove the stylet and inject some saline or LA to open the
space.

• Some people like to burrow the Tuohy needle for a few centimetres under the pleura and then
inject to raise the bleb.

• A good trick is to then feed the catheter into the space, connect some fluid to the other end and
then inject up the catheter as you feed it cephalad.

• Some non-toothed forceps or a finger are handy to guide the catheter to stay parallel to the
vertebral column

• Feed the catheter until the distal cm is seen a couple of spaces above the surgical interspace, the
pocket of local anaesthetic should cover at least 6 intercostal spaces. This takes about 20 ml in an
adult (0.3-0.5 ml/kg in a child). The skin marking will be about 15 centimetres in an adult.

• We usually then suture the catheter at the skin or tape well. Many a catheter has been lost with the
careless removal of the drapes after closure so be watching and ready with a dressing.

• Tape it like an epidural and start an infusion in recovery at 0.1 ml/kg/hr (Appendix II).
• Check the block with ice in recovery. Leave it running for 3 days, or at least until the chest tubes

are out. Bolus if needed as you would any nerve infusion. 
• The first few you try will be a bit of a fiddle but please persist as once you get the knack, particularly

the approach angle to the space, you will find it takes only a few minutes

Appendix III
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Evidence has mounted in long term studies such as the United Kingdom Prospective
Diabetes Study (UKPDS) that protracted hyperglycaemia is the fundamental cause of
diabetic microvascular complications,1 and that it is strongly associated with macro-
vascular complications such as stroke, amputation and myocardial infarction.
Aggressive treatment has become the recommended approach of diabetes associations
across the world for long-term management of blood glucose.

A core philosophy of traditional teaching on the management of glucose during
anaesthesia has been the avoidance of hypoglycaemia. Hypoglycaemic brain injury,
whilst rare, is a serious complication of insulin therapy and most anaesthetic regimes
are designed to avoid this at all costs. But, how much attention should anaesthetists pay
to preventing hyperglycaemia during surgery? 

This paper reviews the evidence for improved outcome with “tight” glycaemic
control in various settings relevant to anaesthesia and critical care. What follows is a
summary of published studies that hopefully will provide some guidelines for what
blood glucose level will provide optimal outcomes in various situations. There have
been many difficult issues associated with trying to provide this summary, as many
published studies are insufficiently powered or have unusual endpoints. Others
demonstrate an association (usually of diabetes rather than hyperglycaemia) with
adverse outcomes, rather than determining if control of blood glucose will produce a
better outcome. Most commonly, in many studies the groupings of patients make it
hard to identify what the ideal blood glucose is. 

Despite common fears, no study in the adult population has shown a blood glucose
that was too low and resulted in worsened outcomes. The “ideal” upper limit for blood
glucose in some studies is still high (e.g. <12 mmol/l), particularly in older studies
(before 2000) where this band was simply the lowest group analysed. It is quite possible
that normoglycaemia produces the best outcomes in many situations, but this has not
been addressed in most studies to date.

Does short-term intervention make a long-term difference?
Control of blood glucose in cardiac surgery has been shown to make a difference 

to both short-term complication rates and long-term outcomes. In a prospective
randomised study by Lazar et al,2 patients undergoing coronary artery bypass surgery
were assigned to an active glucose-insulin-potassium regime or to standard therapy
without active intervention in blood glucose management. The mean blood glucose in
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the active group was 7.6 mmol/l versus 14.4 mmol/l in the standard group. Those in the
active group showed fewer complications in the early postoperative period and had
improved survival. This survival benefit was seen at two years post-surgery, although
the period of treatment began before anaesthesia and continued only until 12 hours
postoperatively.

The full significance of hyperglycaemia in the acute setting has only recently been
appreciated. There is now a growing body of evidence that tight glycaemic control, for
even short periods of time, in certain settings makes substantial differences to outcome
in the long term.

Glycaemic Control in Critical Care
The management of glycaemic control in the critically ill has changed substantially

in the last four years. In 2001, van den Berghe et al3 published a large (n=1548)
randomised prospective controlled study looking at the effects of maintaining blood
glucose in the physiological range (4.4-6.1 mmol/l) versus standard treatment which
allowed higher levels (10.0-11.1 mmol/l). They showed significant benefits in main-
taining physiological glucose levels. Independent results from Krinsley et al4 (amongst
others) appear to confirm the profound benefits of physiological glucose levels shown
in the landmark van den Berghe study. The evidence for tight glycaemic control
reducing peri-operative sepsis is now quite compelling. 

Mortality
Reduction in mortality may be substantial. Van den Berghe et al noted a 34%

reduction in all-cause hospital mortality with lower glucose levels. Krinsley et al
demonstrated a 29.3% reduction in hospital mortality after commencing an insulin
protocol in 800 patients, compared to the immediately preceding 800 patients in an
ICU. Remarkably, this benefit was associated with only a small reduction in mean
blood glucose, from 8.4 mmol/l to 7.2 mmol/l.

Reduced ICU Costs
Duration of ICU stay was reduced by 10% in one study. Decreases have also 

been found in transfusion requirements (18% in the Krinsley study; 40% in the 
van den Berghe study), in the incidence of acute renal failure (reduced by 75% in one
study) and in the need for dialysis (by 50% in the original study by van den Berghe 
et al).

Mechanism of benefit
Multivariate analysis by van de Berghe et al5 revealed that the reduction in blood

glucose, rather than in the amount of insulin given, was associated with improved
outcome, which was originally noted to be in reduction of death from sepsis. In one
study in a paediatric ICU, specifically excluding diabetics, a similar strong association
between both the peak glucose level and the duration of hyperglycaemia and mortality
was seen.6 Hyperglycaemia was noted to be an independent predictor of mortality in
this paediatric study. It remains unclear whether the high incidence of sepsis in the less
tightly controlled groups is due to a direct effect of hyperglycaemia on bacteria,
impairment of the immune response, or some other mechanism. However, the causal
role of hyperglycaemia is now well established.



Role of diabetes
It is also clear that hyperglycaemia appears to be the significant risk factor in

diabetes, rather than the disease itself. 

Myocardial Injury
There is strong evidence that elevated blood glucose levels are independent

predictors of poor outcome following acute myocardial infarction and other ischaemic
syndromes, even in the non-diabetic patient.7 It is difficult to determine whether or not
any treatment for this may be effective. 

The management of blood glucose in the peri-infarct setting has been influenced
strongly by studies such as the DIGAMI study by Malmberg et al.8 This prospective
randomised controlled study showed significant reduction in mortality with the use of
glucose and insulin following myocardial infarction. The subgroup who were given
glucose and insulin and continued to use insulin post-infarct had significantly lower
blood glucose levels. Survival was considerably higher in this subgroup. The greatest
benefits were seen in those patients who had not had previous insulin treatment and
who were considered to be at low cardiovascular risk before their infarcts. The benefits
of this treatment did not dissipate over time. Follow up was continued to five years
post-intervention and a 30% reduction in mortality was seen.

The question of whether the insulin therapy itself or treatment of hyperglycaemia
results in the predominant benefit has not yet been fully answered in this setting. The
DIGAMI 2 study,9 which compared three different insulin/glucose strategies, failed to
achieve significant outcome differences in its three subgroups. However, this study did
not achieve its target blood glucose of 5-7 mmol/l (the mean glucose levels for the three
groups were 8.0, 8.3 and 8.6 mmol/l) and epidemiological analysis confirmed that blood
glucose levels remained a strong independent predictor of outcome post-myocardial
infarction. These findings are consistent with the concept that the absolute blood
glucose level is the key determinant in survival, even with other interventions such as
revascularisation.10 Persistent hyperglycaemia is associated with residual left
ventricular dysfunction.11

Neurological Injury
There is a growing body of evidence that neurological injury is worsened in the

presence of hyperglycaemia. Work in animal models shows that hyperglycaemia
increases the size of infarction, but the evidence in humans is more limited.12 In animal
models, it has been shown that hyperglycaemia in ischaemic stroke will produce brain
oedema, intracellular acidosis, accumulation of glutamate in the extra cellular space
and, ultimately, disruption of the blood brain barrier with increased tissue damage and
risk of secondary haemorrhage. The underlying pathophysiology of hyperglycaemia
has been demonstrated with functional MRI scanning in acute stroke in humans. MR
spectroscopy demonstrates that hyperglycaemia increases the production of lactic acid
in the under-perfused brain. This leads to a reduction in recovery in tissue where hypo-
perfusion is present. This appears to increase infarct size and worsen functional
outcome.13

The evidence for diabetes and hyperglycaemia being independent predictors of poor
outcome in stroke has been demonstrated in many studies.14 Generally speaking,
diabetes predicts worsened outcomes in ischaemic stroke, with greater residual
disability and prolonged admissions. Thus, diabetes itself is a recognised risk factor in

Glycaemic Control 121



122 Australasian Anaesthesia 2005

ischaemic stroke, but the role of hyperglycaemia has only been demonstrated more
recently. Recovery from ischaemic reperfusion injury appears to be critically
dependent on normoglycaemia. Blood glucose levels above 7.7 mmol/l are associated
with poor reperfusion outcomes, many times worse than those in normoglycaemic
patients following reperfused ischaemic stroke.15 Beneficial outcomes persist for
months after the initial injury.

Large scale randomised studies into whether altering glucose levels improves
outcome are not yet available. Small prospective trials have shown mild improvements
in some outcomes with tight control (BSL <7.0 mmol/l).16 These studies are probably
too small in size to show a major outcome benefit.

In summary, there is no doubt that diabetes in general, and hyperglycaemia
specifically, are independent predictors of a worse outcome in humans with ischaemic
stroke. The underlying pathophysiology of hyperglycaemia in neuronal ischaemia is
well understood and readily explains these findings. To date, no clinical trials of
sufficient size have demonstrated that reducing blood glucose will dramatically
improve outcomes, but small studies do suggest benefit.

Trauma
Several studies have shown hyperglycaemia to be strongly predictive of poor

outcome in the setting of trauma. The majority of these studies have looked at
neurological trauma and outcomes including length of stay, mortality and residual
neurological deficits. Non-survivors of traumatic injury tend to have higher blood
glucose levels for longer periods than survivors.17 The hyperglycaemic response that 
is associated with worse outcomes is a stress response and is not necessarily related 
to diabetes. In the younger patients typically seen in trauma studies, significant
differences in outcomes have been demonstrated at high blood glucose levels (e.g.
poorer outcomes with blood glucose >11 mmol/l).18 The benefits of reducing blood
glucose below 10 mmol/l have not been shown in any large trauma study to date.
Nonetheless, it should be noted that there is no evidence of harm in maintaining blood
glucose under 8 mmol/l in these studies. Given the known poorer outcomes in brain
ischaemia where blood glucose exceeds 8 mmol/l, this seems a reasonable target level
pending larger studies in the trauma population. 

Glycaemic Control and Perioperative Outcomes
Cardiac Surgery

Control of blood glucose is of particular significance in cardiac surgery. In part, this
is because high blood glucose affects outcome from surgery. It is also because diabetes,
and poorly controlled diabetes in particular, is a major contributor to coronary artery
disease. The reported incidence of diabetes in the cardiac surgical patient is higher
than the population average (approximately one in six patients undergoing bypass
surgery).19 Typically, by the time that cardiac surgery is considered, patients have had
diabetes for a long period of time — in one study the mean duration was 10 years at
the time of surgery.20 In this large, but retrospective, study, a significant difference was
seen between those who had elevated blood glucose levels post-operatively and those
who did not. Of particular interest, there was an increase in adverse outcomes (death,
myocardial infarction, stroke or sepsis) of 17% for every mmol/l that blood glucose
rose above 6.1, a similar level to that shown in the study by van den Berghe et al in the
ICU population. 
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While the van den Berghe study mainly demonstrated an increase in sepsis, this
cardiac surgery study found an increased risk of other (non fatal) adverse outcomes,
such as stroke and myocardial infarction, with hyperglycaemia. The differences in
blood glucose on the second and subsequent days were not shown to be significant,
although the overall outcomes were. This again points to the role of tight control of
blood glucose early in the peri-operative period as being the important determinant in
outcome after cardiac surgery.

There is evidence for benefit in open chamber as well as coronary artery surgery. In
a large (n=4864) prospective but non-randomised study by Furnary et al21 of diabetics
undergoing open-heart surgery, the use of a continuous insulin infusion for three days
post-operatively, with a target blood glucose of <8.3 mmol/l, was shown to produce
significant benefits. There were clinically and statistically significant reductions in
mortality (57% reduction, P<0.0001) and deep sternal wound infections (66%
reduction, P<0.0001), as well as a reduction in length of stay and hospital costs.

The exact role of glycaemic control versus combined glucose-insulin-potassium
(GIK) treatment for ischaemic preconditioning is not fully defined, as there may be
some role for insulin (plus supportive glucose and potassium) independent of its effect
on blood glucose. In the previously mentioned study of diabetic patients by Lazar et al,
patients receiving GIK infusion treatment with an average blood glucose of 7.6 mmol/l
had significantly better outcomes than those using a subcutaneous insulin protocol
with an average blood glucose of 14.4 mmol/l. Atrial fibrillation post-operatively was
decreased from 42% to 16%. Postoperative stay was decreased from 9.2 to 6.5 days.
Similar to the findings of other studies, wound infections were reduced from 10% to
1% in the group that had the lower blood glucose. The extent to which these impressive
gains were attributable to insulin versus normoglycaemia is not yet fully defined,
although the GIK regime is clearly associated with a marked reduction in blood
glucose compared to standard therapy, and both groups received insulin.

Transplantation
Hyperglycaemia has been demonstrated to modulate the immune response to

transplanted cadaveric kidneys.22 A blood glucose below 11 mmol/l was associated 
with a 11% rejection rate, compared with a 58% rejection rate in those above this 
level. In addition, in the subgroup with higher blood glucose (23 patients, n=50), 
all the patients developed postoperative infections. Whilst the exact rejection rate 
is dependent on many factors, it seems clear that high blood glucose levels are 
strongly associated with an increased risk of transplant rejection. In addition, in
immunosuppressed patients undergoing surgery, a high blood glucose would appear to
significantly increase the risk of perioperative infection. The optimal blood glucose in
immunosuppressed patient is not yet established, but is clearly below 11 mmol/l. In
consideration of the poor outcomes from sepsis demonstrated in the critical care
setting, a blood glucose below 8.0 mmol/l, and possibly as low as 6 mmol/l, is a
reasonable target until more extensive studies have been performed.

Burns
The association between hyperglycaemia and burns is complex, in that

hyperglycaemia is common in thermal injury and is a part of the hypermetabolic stress
syndrome of a severe burn. The association between hyperglycaemia and mortality
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appears clear, and in one study this association was seen independently of the surface
area of the burn.23

Other areas
There are many studies that show an association between diabetes and poor

outcomes in a number of surgical settings, but very few actually have looked at blood
glucose levels. Most have been retrospective analyses, where the presence of a
diagnosis of “Diabetes” has been one of many variables analysed with respect to
outcome. 

These studies have two obvious limitations in their applicability to management in
the perioperative period. Firstly, many patients are diabetic for a number of years
before the diagnosis is made and will be missed by such studies, as they have not yet
been labelled as “diabetic”. Secondly, a diagnosis of “Diabetes” does not provide a
good basis for treatment, whereas a blood glucose level does. Thus, until appropriate
studies are done, the treatment strategies for hyperglycaemia in the perioperative
setting are best based on objective data taken from related areas, such as intensive
care, cardiology, emergency medicine and neurology where better evidence exists.

Hyperglycaemia in Paediatric Patients
Whilst prospective randomised outcome data is not yet available, several studies in

the paediatric intensive care setting have demonstrated a similar relationship between
hyperglycaemia and poor outcome as that seen in adults. In one series of neonates with
necrotizing enterocolitis, a blood glucose greater than 11 mmol/l was associated with a
mortality of 29% versus 2% in the group whose glucose level was below this level.24 In
another observational study in the paediatric critical care setting, a worse outcome was
seen with hyperglycaemia. Mean glucose in non-survivors was significantly higher than
in survivors (17.3 mmol/l versus 11.4 mmol/l).25 In another retrospective26 series of non-
diabetic children with severe burns, those with blood glucose levels above 7.8 mmol/l
over 40% of the time had a significantly lower percentage of successful skin graft take.
In this group, hyperglycaemia was associated with a non-significant increase in positive
blood cultures (particularly yeasts) and a large, but again non-significant, increase 
in mortality (27% versus 4%). (The study was not powered sufficiently to identify
significant differences in mortality.)

However, the case against hyperglycaemia in neonates is not entirely clearcut. One
long-term follow up study27 on arterial switch surgery (chosen because of being a
relatively standard procedure not especially associated with neurological syndromes)
showed that high glucose levels were not associated with poor neuro-developmental
outcomes up to eight years after surgery. On the other hand, low glucose levels were
associated with seizure like activity on EEG.

Overall, hyperglycaemia appears to show a similar association with poor outcomes
in the critically unwell infant in the setting of sepsis. However, the case for poor
myocardial and neurological outcomes is not yet established for the paediatric
population and the findings in adults may not always be accurately applied in
paediatrics. Further research in this area is necessary. 

Hyperglycaemia and Anaesthesia
The choice of medication or therapy based on glycaemic control is not well

established in the literature, as it has only recently become evident that major
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improvements in outcome can be achieved by tightly controlling blood glucose levels.
However, some studies have been reported which are of interest in relation to
glycaemic control in anaesthesia.

One interesting study from Canada used isotope labelled glucose tracers during
anaesthesia.28 In this study, both glucose production and clearance were measured
before and during surgery. Surgery itself was shown to be a cause of decreased glucose
clearance, which will tend to promote hyperglycaemia. However, a regional anaes-
thetic plus intravenous general anaesthesia reduced the production of glucose and had
a nett effect of balancing the reduced clearance. Blood glucose rose in this group a
statistically, but not clinically, significant amount — from 5.0 to 5.2 mmol/l. With
isoflurane anaesthesia, a significant increase in blood glucose was seen due to an
increase in glucose production, in addition to the decreased glucose clearance found
with surgery. Blood glucose rose from 5.2 to 7.2 in this group. 

In one recent study, the use of clonidine IV was shown to reduce plasma insulin and
increase blood glucose levels.29 In the control group, blood glucose was 5.7 mmol/l
versus 6.8 mmol/l in those who received 1 mcg/kg clonidine prior to induction of
anaesthesia. Clonidine also appeared to reduce the plasma noradrenaline and cortisol
response compared to controls.

It appears that the changes in blood glucose due to choice of agents in anaesthesia
are not well known at present. What can be said is that regional anaesthesia, even 
in the presence of general anaesthesia, appears to improve glucose handling during
surgery and significantly reduces the hyperglycaemic response to surgical stress.
Certain agents appear to have a small negative effect on blood glucose control.
Isoflurane and clonidine both cause a rise in blood glucose to a small degree. The
degree of glucose rise is not significant in healthy patients. In the setting of critical
illness, where hyperglycaemia is common and worsens outcome, the use of these agents
may still be reasonable. However, their use should prompt closer monitoring of blood
glucose and consideration of insulin therapy at an earlier stage during surgery.

Summary
Critical Illness and Sepsis

There is sufficient evidence that glycaemic control impacts on outcome. This
mandates tight blood glucose control intraoperatively under certain circumstances.
The ideal blood glucose level is not yet established in all situations, but it would appear
that, in the sickest of patients, there is evidence that better outcomes are achieved
when physiological range (4-6 mmol/l) blood glucose levels are maintained.

Myocardial Injury and Cardiac Surgery
There is clear evidence that myocardial injury has a worse outcome in the presence

of hyperglycaemia. There appears to be significant evidence that control of hyper-
glycaemia improves outcome and that benefits are seen in reducing blood glucose
below 8 mmol/l, and possibly to below 6 mmol/l. The duration of this tight control
should be at least until one day post-injury, and possibly as long as three days in
diabetic patients where prolonged hyperglycaemia is likely.

Neurological Injury
Clear evidence exists that ischaemic neurological injury has a worse outcome in the

presence of hyperglycaemia. The pathophysiology associated with this has been
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demonstrated to a reasonable extent in human and animal models. The evidence for
benefit from tight control of blood glucose is not fully established. However, the
combination of some evidence for benefit, along with a sound scientific explanation for
why hyperglycaemia causes injury, suggests that control of blood glucose in the
presence of a neurological injury is a standard of care. This view may be altered by
large prospective outcome studies. At present, the best evidence available suggests that
a blood glucose below 8.0 mmol/l will produce better outcomes in these cases.

Other Trauma & Burns
Clear evidence exists that hyperglycaemia is predictive of adverse outcome in the

setting of trauma. There are no large trials to demonstrate if control of blood glucose
will alter outcome. However, given the evidence from non-trauma patients, it is
reasonable to maintain a blood glucose below 6-8 mmol/l, particularly if there are
clinical grounds for suspecting neurological injury, myocardial injury or sepsis. There
appears to be a clear association between hyperglycaemia after burns and poor
outcome and a target blood glucose below 8 mmol/l appears to be justified, whilst
awaiting outcome studies.

Anaesthesia
Despite the large number of studies from many specialties, there are few large

prospective randomized trials that look at the effect of blood glucose control on
outcome in the anaesthetic setting. With the weight of evidence available, it is clear
that such a study is needed urgently. In the interim, the routine adoption of tight blood
glucose control peri-operatively, particularly in the subgroups outlined above, should
be strongly considered by all anaesthetists.
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Introduction
Despite much research into the various systemic effects of the agents available, there

are few (if any) trials demonstrating a survival advantage offered by any one inotropic
agent over another. Despite this, some guidelines have begun to emerge.

The complexity of adrenoceptor biology continues to be elucidated and some
explanations for the variability of patient responsivity have emerged. The role of
endocrine supplementation post-bypass and in catecholamine refractory states of
septic shock has been enhanced, as has the use of the phophodiesterase inhibitors such
as milrinone. 

New agents may offer advances over current therapies. These include the myocyte
calcium sensitizer, levosimendan, which has both inotropic and vasodilating effects, the
natriuretric peptide agonist, nesiritide, and endothelin antagonists such as tezosentan.
Paediatric experience is limited but increasing.

The adrenoceptors and their agonists
Research into adrenergic receptor biology continues. Insel2 has written an extensive

review of their classification and function. Of note, the simple � and � classification has
expanded to include at least nine membrane receptor subtypes. New understanding 
of transmembrane signalling and its control has been highlighted. The importance 
of receptor desensitization and the mechanisms of uncoupling during exposure to 
the adrenergic agonists has also been reviewed.3. Similar changes appear following
exposure to cardiopulmonary bypass1 and sepsis.4,5 This information suggests that the
optimal choice of agent and required dose will probably change over time in the same
patient.

Age related differences in agent response and dosage requirements are further
complicated by genetic heterogeneity at several levels,3 with important considerations
for dose responsiveness and probably disease outcome. Heterogeneity of response 
to �2 agonists has been documented in asthmatic patients.6 Similarly, genetic
predispositions for both �1 blockade and heart failure provide insight into the
variability of patient responsivity to adrenergic agents of all types.3, 7 This work has
important implications for the use of adrenergic agonists in intensive care and the
genetic origins of disease susceptibility, severity and therapeutic response. 

Work by Myburgh1 and others has begun to emphasize dose rather than agent,
particularly when comparing dopamine, noradrenaline and adrenaline. Agent
selection may be guided by better understanding of the timing of responsiveness in
disease states.8
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This bewildering array of information is yet to (and may not ever) tell us which agent
is the inotrope to use at which dose and when, but some consensus is beginning to
emerge. 

Consensus Guidelines
The publication of Clinical Practice Parameters for haemodynamic support in septic

shock for children9 and, more recently, adults10 provides templates for the care of these
patients. They are coupled with the inevitable (and low) levels of evidence for each
recommendation, including the use of monitoring methods. Despite the paucity of high
quality evidence within the guidelines, there is data suggesting that both
standardization of medical care11 and the utilization of these guides12 (at least for
paediatric and neonatal sepsis) does improve outcome.

Preterm and VLBW (Very Low Birthweight) Infant
Despite the recognized limitations of the Cochrane style meta-analytic approach,

the review by Subedhar et al13 of dopamine vs dobutamine for hypotensive preterm
infants deserves comment. Dopamine was concluded to be more effective than
dobutamine for the short term treatment of systemic hypotension. The absence of data
confirming longer term benefit and safety precluded firm recommendations. A review
by Dasgupta14 et al highlighted many of the controversies in the management of
hypotension in this group. They suggested that both agents may need to be used in
higher doses than are usual (10-20 mcg/kg/min) and that a response was often seen
when used the drugs were used together. Does this reflect age related pharmacokinetic
differences or yet to be characterized differences in �-receptor subtype expression and
intracellular response? 

As with the recommendations for other age groups, noradrenaline or adrenaline for
non-responders and steroids for catecholamine resistant hypotension were
recommended.

High dose adrenaline (epinephrine)
Earlier guidelines supporting the use of high dose adrenaline were based on

retrospective in-hospital data. A more recent prospective randomized controlled trial
from the NEJM,15 where in-hospital arrest patients were randomized to receive rescue
dose adrenaline (10 vs 100 mcg/kg), demonstrated no benefit and the potential for
harm in the high dose group. This would support similar studies in adults.

Endocrine agents: hydrocortisone, tri-iodothyronine, vasopressin and angiotensin
Abnormalities of the pituitary-adrenal axis have been well documented in septic

adults16 and children.17 Inadequate endocrine and metabolic response appears to
differentiate survivors from non-survivors in meningcoccal sepsis.17 Annane18 docu-
mented improvement in cardiovascular parameters with supra-physiologic replace-
ment in adults.Less data is available in children; thus current guidelines suggest that
corticosteroid replacement be “reserved for children with catecholamine resistance
and evidence of or suspected adrenal insufficiency”.9

Thyroid hormone suppression has also been demonstrated in both children and
adults with critical illness17, 19 and following surgery.20 The postoperative myocardial
dysfunction and vasoplegia resembles that seen in hypothyroidism.21 T3 has beneficial



inotropic effects post-cardiopulmonary bypass, preventing low cardiac output state
(LCOS).22 These effects appear to be mediated by both adrenergic and Ca++

potentiation without oxygen wasting.23, 24 A randomized placebo controlled trial of 
tri-iodthyronine in children after cardiac surgery was published by Bettendorf.25

Improved myocardial function was demonstrated, especially in those with a low cardiac
output state and this was associated with a trend towards reduced ICU stay.

The pharmacology of vasopressin has recently been reviewed by Kam.26 It is an
osmoregulatory hormone providing maintenance of normovolaemia (V2 receptors). It
also has direct systemic and pulmonary vasodilator effects (via oxytocin receptors) 
at low to normal serum concentrations and direct systemic and pulmonary vaso-
constrictor (via V1 receptors) at high to normal serum concentrations. Interestingly,
during hypovolaemia there would appear to be V1 induced augmentation of
vasoresponsivity to noradrenaline. Patients with vasodilatory shock states have docu-
mented low vasopressin concentrations.27 Benefits have been shown in children with
excessive vasodilation post-cardiopulmonary bypass28 and in catecholamine resistant
septic shock in adults.29 There has also been the recent demonstration in adults of
improved survival in out-of-hospital arrest compared with adrenaline.30

Similarly to vasopressin, the vasoconstrictive effects of angiotensin are non 
�-adrenoceptor mediated. Initial reports in adults of the successful use of angiotensin
II in refractory septic shock unresponsive to noradrenaline31 have been followed by
case reports in children.32 The published guidelines provide for its use in the
“catecholamine resistant” group pre-ECMO.9

Milrinone
Milrinone is a type III phosphodiesterase inhibitor that prevents cAMP degradation,

leading to a potentiation of �-receptor effects in cardiac and vascular smooth muscle.
It has been shown to overcome �1 and �2 receptor down-regulation33 and has been
recommended for nitrovasodilator resistant LCOS in sepsis.9, 34 Recently, the
PRIMACORP study35 demonstrated the safety and efficacy of milrinone in preventing
LCOS in infants and children after corrective surgery for congenital heart disease.
These were biventricular repairs only and the absolute risk reduction for death or an
episode of LCOS only 17% (a number needed to treat of 5.8) in the high dose group
(75 mcg/kg load +0.75 mcg/kg/min). 

Newer agents
Levosimendan

Levosimendan is a new myocardial myofilament calcium sensitizer that binds to
troponin C, stabilizing the calcium induced change in conformation and enhancing
contractility.36 There also appears to be ATP-dependent potassium channel induced
peripheral and coronary vasodilation37 and, perhaps, phophodiesterase III inhibition at
high doses.38 It has inotropic and lusitropic actions in failing human myocardium with
the inotropic effect dominating at low dose. The active metabolite (OR-1896) has a
prolonged half life providing sustained benefit.39 Significant survival benefit was
demonstrated in two large adult trials.40, 41 Paediatric data has been limited to case
reports until the publication of Turanlathi’s pharmacokinetic data in a mixed group of
patients being evaluated for cardiac surgery.42 Trials in refractory LCOS in children are
eagerly awaited.
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Nesiratide
Nesiritide is the recently introduced human recombinant form of Brain Natriuretic

Peptide (BNP). Its physiology and potential role in heart failure has been reviewed
recently.43 The natriuretic family (ANP BNP CNP) of peptides are released in response
to myocardial stretch and BNP levels have been shown in adults to be both diagnostic
and prognostic in congestive cardiac failure.3, 43 Similarly, both ANP and BNP were
recently demonstrated to be increased in congenital heart defects with clinical signs of
heart failure.44

Nesiritide has been shown to provide dose dependant vasodilation via cGMP. This
improves cardiac index without inotropy or changes in heart rate (improved VO2). No
change to intracellular cAMP or Ca++ has been documented and therefore this agent
is not as arrythmogenic as dobutamine45 and milrinone.46 No evidence of tolerance to
the vasodilating effects has emerged when compared with nitrosovasodilators.47 It
increases urine volume and sodium excretion.43 It may also be more effective and
cheaper than milrinone in acute decompensated heart failure in adults.46 Paediatric
experience is limited.

Tezosentan
Tezosentan is another recently introduced compound that has actions as an

endothelin antagonist.48 The endothelin receptors mediate vasoconstriction (via ETA
and ETB2) and vasodilation (via ETB1). Tezosentan has 30 times the affinity for ETA,
functioning as a potent vasodilator at low doses. Its phamacokinetics render it suitable
for infusion and it has been used successfully in humans with congestive cardiac
failure.49, 50 It has been shown to improve cardiac performance in septic shock at 
low doses (with reductions in SVR and PVR in pigs) whilst ETB1 mediated
vasoconstriction appears to predominate with dose escalation.51

Conclusions
Paediatric inotropic therapy has been furnished with some new understanding of

older agents, and new ways of using them. Some agents are gaining an evidence base,
whilst even newer agents need such a base. Guidelines are emerging to facilitate their
use.

For the moment, in children requiring inotropic therapy (as in adults)
“ … individual experience and preference (will continue to) determine selection…”
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Botulinum toxin is a highly potent neurotoxin elaborated by the spore-forming
anaerobe Clostridium botulinum. The toxin has at least seven distinct subtypes. Of
these, two have been formulated for therapeutic use, these being type A (BT-A) and
type B (BT-B). All subtypes of the toxin act at the myoneuronal junction to cause
presynaptic inhibition of acetylcholine (ACh) release, though the precise intracellular
target varies between the subtypes. BT-A denatures the SNAP proteins which are
critical to adherence of the vesicle of ACh to the inner membrane of the nerve
terminal. Failure of ACh release thus causes flaccid paralysis of the muscle fibre
involved. A salient fact, which was not known when BT-A was first produced for
therapeutic use, is that other neurotransmitters apart from ACh are also
presynaptically inhibited. It is now known that Substance P, Calcitonin Gene-related
Peptide (CGRP) and other transmitters involved in nociception are similarly inhibited.
This observation provides the rationale for use of BT-A in prophylaxis of chronic
migraine and other painful disorders.1, 2

Historical Background
The clinical use of BT-A is a recent phenomenon. However, the initial concept of its

use in medical practice was articulated in 1822 by the German physician and poet
Justinius Kerner. Kerner described a series of 155 cases of paralysis caused by a fatty
acid substance present in unhygienically manufactured sausages. Rather prosaically for
a poet, he named the substance “wurstgift” (sausage poison). He concluded his treatise
by suggesting that in minute quantities the “wurstgift” could be useful for diseases
characterised by painful or inappropriate muscle contractions.3

The contamination of food was again the stimulus for the next leap in the
development of BT-A. In 1895, an outbreak of mass poisoning from contaminated ham
provided the opportunity for the Belgian microbiologist Pierre van Ermingem to apply
the newly formulated Koch’s postulates and identify Bacillus botulinus as the causative
agent. It took a further 33 years to isolate a stable precipitate of toxin from a culture
of the organism.

The Second World War focused attention on the toxin as a potential biological
weapon. In 1946, a US Army scientist named Edward Schantz became an expert at
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purifying the toxin. He produced large quantities of a low-quality toxin preparation for
use in bio-warfare and espionage research. The Biological and Toxins Weapons
Convention Treaty, ratified in 1972, ended offensive biological weapons programs in
the US military. During the 1960s, Schantz collaborated with Dr Alan Scott of the
Smith-Kettlewell Eye Research Foundation. As well as demonstrating the efficacy of
BT-A in treating strabismus in primates, Scott learned the techniques of producing
very high quality toxin preparations. Scott formed a company called Oculinum to
develop and test the new therapeutic agent in humans. In 1978, armed with a batch of
150 mg of toxin, he received FDA approval to begin human trials. That initial batch of
toxin produced over 250 000 therapeutic doses. Until the Allergan company produced
another, even more potent, batch in 1997, it was the sole source of FDA-approved 
BT-A.

Allergan bought the Oculinum company in 1991 and renamed the product Botox™.
In 2002, global sales of Botox™ exceeded US$400 million, and to date the agent has
been reported useful in over 50 conditions.4 During the 1990s, the Dysport™ brand of
BT-A was launched in Europe by Ipsen, and Myobloc™, a preparation of BT-B, was
developed for commercial release by Elan Pharmaceuticals. The emerging economy of
China now boasts no fewer than 3 brands of BT-A, though all are only used in China.
The various preparations available in the West are not bioequivalent, due to
differences in the vehicle proteins and the method of derivation of their potency units.
Ongoing research will be required, as each product must qualify for regulatory
approval independently for each indication sought.

Botulinum Toxin and Pain
Patients receiving high doses of BT-A for cervical dystonia reported significantly

reduced muscle pain at non-injected sites. As well, a group of chronic migraine
sufferers who underwent cosmetic treatments with BT-A reported dramatic reductions
in headache frequency and intensity. Such clinical observations suggested that BT-A
could decrease nociceptive signalling. The experimental work which supported this
hypothesis is comprehensively summarised by Aoki.5 BT-A also appears to reduce
neuropathic pain in experiments using the classical surgical rat model of sciatica.6

Headache
Migraine

Extrapolating from the clinical observation that injection of the toxin into facial
muscles for cosmetic purposes improved migraine symptoms, the initial studies of 
BT-A in headache used injection protocols based on cosmetic practice. Termed the
“fixed site” approach, this involves injection of the procerus, corrugator, frontalis and
temporalis muscles in predetermined sites and doses. Typically, multiple sites within
each muscle are injected with low doses of toxin. 

The mechanism of relief of migraine symptoms by the BT-A is unknown, but is not
related to the degree of chemical denervation achieved.7 Most likely, the release of
vasoactive mediators from the trigeminal nucleus in the brainstem, triggered by
peripheral activation of the trigeminal nerve, is a contributory event in migraine
pathogenesis.8 This would be inhibited by BT-A. Such a mechanism would provide an
explanation for the treatment effect reported. It is interesting that the precise
mechanism of the triptan and ergot derivative classes of medications which form the
mainstay of current migraine treatment is also unknown.9



The first randomised controlled trial (RCT) of BT-A in migraine was that of
Silberstein and colleagues.10 Placebo injections of toxin vehicle protein in identical
packaging were compared to commercial Botox™. Treatment groups received a total
dose of either 25 or 75 units using a fixed-site approach. At 3-month follow up there
was a modest, but statistically significant, improvement in headache frequency and
migraine-associated vomiting in the treated groups. The higher dose did not improve
overall efficacy and was associated with more adverse effects, though these were not
seriously incapacitating. Evers11 summarized the current published evidence for BT-A
in migraine prophylaxis and sounded a note of caution amidst the widespread
enthusiasm. He made the point that two out of three RCTs to this point have not shown
significant improvements in headache frequency. 

Future trials of BT-A in migraine should include a measure of disability such as the
Migraine Disability Assessment Score (MIDAS) as in the open-label study of Mathew
and colleagues.12 This showed a dramatic improvement in MIDAS scores obtained,
accompanied by a quite modest improvement in purely clinical endpoints, such as
acute medication use and headache frequency. This result, if replicated in a RCT,
would help explain why the off-label use of BT-A for migraine sufferers has expanded
so far ahead of the published efficacy data. For the present, the results of larger
double-blinded RCTs are needed to further delineate the potential role of BT-A in
migraine.

Chronic Daily Headache
A second approach to site and dose selection has evolved in parallel to the “fixed-

site” approach. Sites for injection are chosen by degree of tenderness to palpation and
may include the trapezius, splenius capitis, sternomastoid, occipitalis and masseter
muscles, in addition to the sites described above. It is termed the “follow the pain”
approach by advocates. This has been used in studies examining the role of BT-A in
chronic daily headache. In these studies, variability of diagnosis, injection site and dose
has resulted in conflicting findings. While a majority of studies have shown a useful
treatment effect, the lack of clear efficacy in the best-designed trials13, 14 suggests that,
for tension headache at least, BT-A does not appear to be a specific treatment. The
Botox CDH group has recently reported another large RCT, which again failed to show
an impressive treatment effect in this diagnostic group.15

A significant flaw in methodology has been that no study of migraine or other
headache types has rigorously documented intramuscular placement of toxin by use of
electromyography or muscle stimulators. Botox™ and Dysport™ both diffuse a short
distance through muscle from the injection point, but will not cross tissue planes.16

Hence, if the toxin is deposited subdermally, intradermally or subperiosteally, it will
have no effect. This observation alone could potentially account for the variability in
results across studies and makes the need for more rigorous RCT compelling.

Myofascial Pain Syndrome (MPS)
This condition refers specifically to pain which arises from muscle and soft tissue

“trigger points”. A myofascial trigger point is defined as a well-localized, highly
irritable taut band within skeletal muscle fibres that responds to palpation with a local
twitch response and remote referred pain arising from central convergence and
facilitation.17 It is typically a chronic regional problem and is easily differentiated from
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the construct of fibromyalgia, which refers to a generalized pain disorder. Royal18

summarizes these differences comprehensively. 
The cornerstone of treatment of MPS is deactivation of the trigger points to 

enable stretching and strengthening of the tissues involved. This can be achieved 
with a conservative approach using external pressure, combined with stretching 
under the guidance of an experienced physiotherapist. Interventions such as trigger
point injections and dry needling provide a quicker means to the same end, by
mechanically destroying the trigger point area and reducing the tendency to reflex
spasm which may limit the patient’s ability to participate effectively with the
conservative program. 

BT-A is a logical choice of agent to trial in this condition, given its ability to reduce
both pain and spasm in skeletal muscle. A number of preliminary trials have indicated
a consistent treatment effect.19, 20, 21 Two studies have found that BT-A provides signifi-
cantly longer duration of relief than does dry needling or local anaesthetic with
corticosteroid.22, 23 Given the inconsistent study methodologies employed to date,
additional high-quality research is warranted, but it seems that BT-A may find a role in
patients who have had previous useful responses to conventional trigger point
treatments, as a way of lessening reliance on medical services. 

Low Back Pain (LBP)
Abnormal or hyperactive paraspinal muscle activity, particularly of the lumbar

multifidus has been implicated for many years in the pathogenesis of non-specific
chronic lumbar pain.24

Four possible mechanisms have been suggested by which BT-A may reduce pain in
patients with this condition:25

1. Reduction of painful paraspinal muscle spasm may result from the chemical
denervation effect of the toxin.

2. Reduction of intrafusal muscle spindle discharges which convey non-nociceptive
sensations to the spinal cord may reduce input to sensitised wide dynamic range
neurons. These have been implicated in the perception of non-nociceptive stimuli
as painful (allodynia).

3. Pain signals at the spinal interneuron level may be modified by increasing activity of
1a inhibitory neurons, and possibly by direct inhibition of neurotransmitter release
due to retrograde transport of toxin or toxin breakdown product to the dorsal root
ganglion. 

4. BT-A and its metabolites may have a direct anti-nociceptive effect in the peripheral
tissue.

Foster and colleagues25 published the only double-blinded RCT of Botox™ in LBP.
Thirty-one patients were randomised to receive either active toxin or vehicle injections
into five sites in the lumbar paravertebral muscles. BT-A was significantly superior to
placebo on both physician-rated and patient-rated measures of pain and disability. In
particular, at 8-week follow up, 66% of the BT-A group reported significant reduction
in disability as measured by the Oswestry LBP questionnaire compared with 18% of
patients in the placebo group.

In a focused review, Difazio and Jabbari26 note that Foster’s study remains the sole
RCT published. In attempting to answer a series of questions relevant to BT-A
treatment of LBP, they add further clinical observations from their own experience.
Their major points can be summarised as follows:



Botulinum Toxin in Pain 145

1. No particular subset of LBP patients appears to benefit more than any other.
Reported responders have included patients with chronic radiculopathy, “failed
back surgery” syndrome, non-specific mechanical back pain and intermittent
radicular pain. This may reflect the multiple mechanisms of action of BT-A as much
as it does the lack of standard treatment protocols. A strong placebo effect cannot
be excluded.

2. Treatment response is likely to be maintained in responders over multiple treat-
ments. This is concordant with experience of BT-A treatment of other painful
muscular conditions including cervical dystonias and adult spasticity. As the amount
of allergenic protein in the “current” batch preparation of Botox™ is less than 20%
that of the “original” batch, repeated dosing is unlikely to lead to the development
of blocking antibodies.

3. Paravertebral muscle injections appear to be safe, with the chemical denervation
not resulting in clinically significant lower limb weakness, gait deviations or balance
problems. Other authors have reported that, in general, BT-A treated patients have
improved mobility rather than the reverse.27.

4. Given the low efficacy of current conventional treatment for LBP and the deva-
stating economic and social costs of LBP,28 a cost-efficiency case can be mounted for
intensively investigating BT-A treatment. Although this has relatively high upfront
costs, they may be recouped through increasing “return to work” rates and reducing
health resource consumption by LBP sufferers.

While BT-A is generally reported to be very safe, a timely reminder of the potential
hazards of deep intramuscular injections was the appearance of a case report by
Puehler, whose patient suffered multiple deep paravertebral abscesses following
repeated injections of local anaesthetic, corticosteroid and BT-A on several occasions
over a six-month period.29 To date, no cases of permanent major neurological disability
or death have been reported. 

At this stage, treatment of LBP with BT-A should be considered experimental.
Before its use for this indication becomes accepted, further larger RCTs are required
to establish efficacy, and more open-label studies comparing injection protocols are
required.

Conclusion
Given its established record of safety in other conditions and promising early

efficacy data, BT-A can reasonably be considered in individual complex cases of painful
conditions. There is no painful condition for which it is a first-line or specific
treatment, though it may be particularly useful in long-term prophylaxis of migraine.
Individual practitioners should be thoroughly familiar with the injection and handling
technique of the toxin products. Use of EMG or stimulation to confirm intramuscular
placement should be mandatory. 

Notwithstanding the explosion of off-label use of BT-A, many questions regarding
the ideal dosing regimen, injection sites and identification of suitable candidates for
treatment remain unsettled. These can only be resolved by higher quality research than
that undertaken to date. As further research is reported, the role of BT-A treatments
in painful conditions will become clearer.
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Introduction
Complex Regional Pain Syndrome (CRPS) has been described as a “strange pain in

a strange looking limb”. The pain is “strange” because its severity is out of keeping with
the often minor and transient nature of the inciting event. The affected part also looks
“strange” (swollen, red, white or blue) and responds in a “strange” manner (hot, cold,
sweaty, tremulous or weak). Dysfunction of cortical, sensory, motor and autonomic
components of the nervous system along with peripheral inflammatory changes
(neurogenic inflammation, tissue ischaemia) may be the patho-physiological basis for
CRPS. Psychological and social problems such as anxiety, depression, fear avoidance
(of painful movements) and loss of employment may develop. Both the affected body
part and the patient as a whole may become “dysfunctional” in CRPS.

Management of CRPS is based on the bio-psycho-social model of pain and should
involve a multidisciplinary team. Keystones include the provision of effective analgesia,
allowing the affected region to be mobilised (physical therapy) and returned to normal
function as soon as possible, the “use it or lose it principle”. Psychological, social and
occupational rehabilitation should also be provided.

Definitions and diagnostic criteria
The diagnosis of CRPS remains largely clinical and is based on the taxonomy of 

the International Association for the Study of Pain (IASP). CRPS type I (reflex
sympathetic dystrophy) is diagnosed where there is no evidence of a precipitating
nerve injury, in contrast to CRPS Type II (causalgia) where a nerve injury is present.
In addition, pain may be classified as sympathetically maintained (SMP) or
sympathetically independent (SIP), depending on clinical features or response to
sympathetic blockade.1

The IASP diagnostic criteria for CRPS have been criticised for lacking specificity
and failing to include motor signs and symptoms which are present in a majority 
of cases. Revised criteria have been proposed, based on the presence of signs and
symptoms in each of four categories (sensory, vasomotor, sudomotor and motor/
trophic) with improved specificity in diagnosis.2 CRPS is a diagnosis of exclusion;
therefore, disorders that mimic the syndrome such as infection, trauma, vascular
disease or neuropathy must be considered.
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Clinical features of CRPS
In CRPS there is usually a history of an inciting event, such as a nerve or tissue injury

(sprain, fracture, surgery) or a period of immobilization. In most cases, the severity of
the clinical presentation is disproportionate to the severity of the inciting event. The
syndrome may also be triggered by stroke, spinal cord injury, visceral disorders such as
myocardial infarction and cholecystitis, and “trivial events” such as bruising and
venipuncture. Prolonged use of a surgical tourniquet3 and psychological stress4 have
also been implicated. Interestingly, some patients with neck pain after whiplash injury
exhibit features of CRPS,5, 6 including dystonia.7

Patients with CRPS typically present with neuropathic-type pain (tearing, burning,
shooting, aching), allodynia (mechanical and cold stimuli), hyperalgesia, oedema,
vasomotor changes (warm and red or cool and dusky), sudomotor changes (dry or
sweaty), motor dysfunction (weakness, tremor, dystonia) and, in severe cases,
dystrophy and atrophy (skin, hair, nails, muscle, bone). Symptoms and signs occur in a
regional distribution and not in the territory of a peripheral nerve or dermatome. A
syndrome with all the features of CRPS, except for pain, has also been described.8

Some authorities have proposed distinct clinical stages; however, the validity of this
approach is questionable given the variable clinical course of the disorder.9 The
features of CRPS may “spread” contiguously (in the same region), in “mirror-image”
fashion (e.g. to the opposite hand) or independently (e.g. from hand to foot). In some
cases, “spread” is associated with a new inciting event.10

Abnormalities in sensory testing (such as decreased sensation to light touch, pin
prick and vibration) may be found in the affected region and adjacent areas, including
the corresponding quadrant or hemi-body. There is a higher incidence of motor
impairment and mechanical allodynia in patients with widespread sensory impair-
ment.11 Many patients with CRPS develop “neglect-like symptoms” (similar to those
seen after a stroke) in the affected limb.12 Reports include the feeling that their arm or
leg “doesn’t seem to belong to them anymore” (cognitive neglect) or having to “think
harder to make it move” (motor neglect). Phantom sensations such as strange limb
postures or “extra” body parts have also been described.13, 14

Table 1
IASP diagnostic criteria for CRPS  (Merskey and Bogduk 1994)1

CRPS type I
1. The presence of an initiating noxious event, or a cause of immobilization.
2. Continuing pain, allodynia, or hyperalgesia with which the pain is disproportionate to any inciting event.
3. Evidence at some time of oedema, changes in skin blood flow, or abnormal sudomotor activity in the

region of the pain.
4. This diagnosis is excluded by the existence of conditions that would otherwise account for the degree of

pain and dysfunction.
Note: criteria 2-4 must be satisfied.

CRPS type II
1. The presence of continuing pain, allodynia, or hyperalgesia after a nerve injury, not necessarily limited to

the distribution of the injured nerve.
2. Evidence at some time of oedema, changes in skin blood flow, or abnormal sudomotor activity in the

region of the pain.
3. This diagnosis is excluded by the existence of conditions that would otherwise account for the degree of

pain and dysfunction.
Note: all three criteria must be satisfied.



Abnormalities of limb movement and posture in CRPS may reflect the development
of fear-avoidant pain behaviours (kinesiophobia) or motor dysfunction. A causalgia-
dystonia syndrome is described, particularly in females and is characterised by 
a clenched fist (or foot) posture, early onset of contractures and spread to other
limbs.15, 16, 17 Many patients with CRPS develop areas of myofascial dysfunction (MD),
with trigger points within the proximal musculature of the affected limb, particularly
the arm and shoulder. The incidence of MD is higher in patients with motor neglect or
long-standing symptoms.18, 19

Psychological factors such as depression, anxiety and post traumatic stress disorder
are common, with 80% of patients reporting a stressful life event immediately before
the onset of their CRPS.20 Social and occupational problems such as disruption of
family life, injury compensation or loss of employment are frequently present.

The prevalence of clinical features in CRPS is presented in Table 2.

Epidemiology of CRPS
It is difficult to clearly define the epidemiology and natural history of CRPS, due to

variability in diagnostic criteria, taxonomy and treatment regimes. It most commonly
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Table 2
Prevalence of clinical features in CRPS (6-12 months post onset of symptoms)

Sensory features and pattern of “spread”
• Pain 81%-97% 
• Mechanical allodynia 54%-74%      
• Hyperaesthesia 72%
• Neglect 84%12

• Sensory impairment 69%-83% (mean duration of CRPS: 4.1 years)11

• Hemi-body or quadrant sensory impairment 50%11

• Contiguous spread 100% (mean time to onset: 2.6 months)10

• Independent spread 70%  (mean time to onset: 2.6 years)10

• Mirror spread 15%  (mean time to onset: 2.5 years)10

Vasomotor changes
• Skin colour change 87%-92%
• Altered skin temperature 79%-89%

Sudomotor/oedema changes
• Oedema 61%-97%
• Altered sweating 28%-53%

Motor/trophic changes
• Motor dysfunction 57%-98% 
• Weakness 75%-95%
• Limited range of movement 80%-88%
• Incoordination 47%
• Tremor 48%
• Spasm 13% 
• Dystonia 14%17

• Myoclonus 4%11-20% 
• Altered skin growth 39%
• Altered nail growth 28%
• Altered bone growth 48%

Severe complications 7%24 (infections, ulcers, chronic oedema, dystonia, 
myoclonus) 

Based on data from Veldman et al (1993),21 Harden (2001),22 Sandroni et al (2003)23 and other sources.
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presents in middle-aged females. Nearly all patients report an inciting event (most
commonly a fracture) and many experience a resolution of symptoms within 60
months, both with treatment and spontaneously. Predictors of a more positive clinical
outcome were fracture injury (when compared with sprain) and the absence of sensory
symptoms or swelling.23 A persisting cool limb early in the presentation was associated
with the development of severe trophic changes, oedema, infection and motor
dysfunction, particularly in young females.24 (See Table 3.)

Occupational issues in CRPS
Approximately 50% of patients developed CRPS after a work related injury and a

similar proportion received injury compensation. The highest incidence was in service
industries, such as policing, security, restaurant work, clerical and sales professions and
manual trades.19 A 5 year follow up study found that most patients continued to work
full time, although one-third had to give up work for at least a year or change
occupations.29

CRPS in children and adolescents 
21% of children attending a paediatric pain management clinic were diagnosed with

CRPS, with a ratio of type I to type II of 10:1 (adults 4:1). The mean age was 13.7 years
with a range of 9-17 years. The most common presenting group was pre-pubescent

Table 3
Epidemiological data for CRPS

Incidence 
CRPS type I c. 1/20 000
CRPS type II c. 1/100 000

Prevalence
CRPS type I c. 1/5 000
CRPS type II c. 1/25 000

Ratio of CRPS type I: type II c. 4:1  

Mean age at presentation: 42-50 years

Female to male ratio: c. 4:1

Upper limb to lower limb ratio c. 2:1  

Inciting event c. 90% (no inciting event: 6-10%)21

• fracture: 16%-46%
• sprain: 16%-29%
• immobilization: 47%
• post surgery: 3%-24%26

Incidence of CRPS 
• after a fracture: 1%-2% 
• after Colles fracture: 7%-35%27

• after a nerve injury: 2%-5%21

Mean duration of symptoms: 11.6 months (range 1-60 months) 

Resolution of symptoms: 74% 

Recurrence: 10% (incidence of recurrence c. 2% per year)28

Based on Sandroni et al (2003),23 Veldman et al (1993),21 Allen et al (1999),19  Berklein et al (2000),25 Stanton-
Hicks et al (2002),26 Bickerstaff et al (1994)27 and Veldman and Goris (1996).28
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females, with an overall female to male ratio of 3:1, which is similar to adults. The
lower limb was most frequently affected (upper to lower limb ratio of 1:3), in contrast
to adults, where the situation is reversed (2:1). Inciting events included minor trauma
(41%) and lower limb surgery (3.6%), with twice as many children (20%) as adults
reporting no identifiable cause.30

Issues such as participation in play and sports (with greater risk of injury), growth
and puberty and social factors such as school attendance and lack of injury
compensation may affect the presentation and course of CRPS in childhood and
adolescence.

Patho-physiology of CRPS
Dysfunction of cortical, sensory, motor and autonomic components of the nervous

system, along with peripheral inflammatory changes (neurogenic inflammation, tissue
ischaemia) may be the patho-physiological basis of CRPS. Janig and Baron proposed
that CRPS is “largely a disease of the central nervous system (CNS) involving
sympathetic, afferent and motor systems”.31, 32

Abnormal cortical function 
Patients with CRPS demonstrate impaired performance on spatial orientation

tasks33, 34 and altered tactile sensitivity, associated with widespread cortical dys-
function.35, 36 Trans-cranial magnetic cortical stimulation revealed “hyper-excitability”
in sensory and motor areas representing the affected limb37, 38 and motor cortical
stimulation attenuated pain perception.39 Imaging studies showed changes in the
somatosensory cortex during the period of treatment and recovery.40

A mismatch of motor intent and sensory feedback to and from a limb (as occurs with
immobilization or after amputation) produces dysfunction in the dorso-lateral pre-
frontal and inferior parietal cortices, areas involved in generating the somato-spatial
“body map”. This may lead to the development of cortical pain, phantom sensation,
sensory neglect and dystonia.41, 42, 43 The concept is similar to developing motion sickness
due to conflicting visual and vestibular inputs to the brain. Physical therapies may
improve CRPS by correcting motor-sensory mismatch,44 essentially “re-programming”
the cortex.

Central sensitization
Central sensitization is a state of CNS neuronal hyperactivity due to increased

nociceptive input, particularly at the level of the dorsal horn of the spinal cord. This
process contributes to pain, allodynia and hyperalgesia in CRPS.

Sympathetic nervous system
Intradermal injection of noradrenaline into areas affected by CRPS45 evokes pain

and sympathetic ganglion blockade with local anaesthesia may produce analgesia.46

There is increased expression of adrenoreceptors in nociceptive afferents and
sympathetic-sensory neuronal coupling (particularly in deep somatic structures such as
muscle) in affected regions. The latter process may explain deep aching pain and
mechanical allodynia in the muscles and joints of patients with CRPS.32 Increased
levels of circulating catecholamines were found in patients with SMP compared with
normal controls and there was a positive correlation between affective distress on
psychological testing and higher adrenaline levels.47
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The acute phase of CRPS is usually characterised by vasodilation and warmth in the
affected region, suggesting a decrease in sympathetic drive. This may be due to CNS
inhibition of sympathetic vasoconstrictor activity. In the chronic phase of CRPS, pale
or blue skin colour, decreased temperature and dystrophic changes suggest a state of
sympathetic overactivity. This may be due to “denervation supersensitivity” to
catecholamines, associated with increased adrenoreceptor expression in blood vessels
and nerves.48

Experimental whole-body cooling only produced increased SNS activity (vaso-
constriction), pain and allodynia in patients with SMP.49 This may explain why only a
proportion of patients with CRPS are sensitive to the effects of increased sympathetic
drive.

Regional inflammation in CRPS
The cardinal features of inflammation; pain, swelling, redness, heat, and loss of

function describe the peripheral features of CRPS precisely. 
There is evidence of neurogenic inflammation with the peptidergic neurotransmitter

system playing an important role. Sciatic nerve lesions in rats produced a CRPS-like
syndrome which was reversed by a Substance P (SP)-Neurokinin-1 (NK1) receptor
antagonist.50 Simulated injury or immobilisation of rodent limbs produced peripheral
neurogenic oedema, with antidromic spread of vasoactive neuropeptides such as SP
and Calcitonin Gene Related Peptide (CGRP) into the affected region from the spinal
cord.51 Intradermal injection of SP into both the affected and non-affected limbs of
patients with CRPS demonstrated a significant increase in protein extravasation at
both sites.52

Tissue ischaemia may also play a role in the inflammatory processes of CRPS.
Constriction injuries in rodent limbs (mimicking surgical tourniquet placement)
produced changes similar to CRPS which were reversed by oxygen free radical
scavengers.3 In patients with CRPS, skin capillary haemoglobin oxygenation was
decreased compared with normal controls.53 Other studies demonstrated increased
venous oxygen saturation, increased lactate and impaired ATP metabolism in affected
tissues.

The generation of pro-inflammatory cytokines such as Tumour Necrosis Factor-
alpha (TNF-�) may contribute to inflammation in CRPS, with inhibitors such as
thalidomide being investigated as possible treatments.

Genetics
HLA susceptibility loci for CRPS have been found on chromosome 6, including loci

associated with trauma susceptibility or the development of dystonic states.54

Psychiatry
Some authorities suggest that CRPS is a somatoform or conversion disorder.55 A

case of psychologically induced CRPS has been described, possibly resulting from
abnormal modulation of the peri-aqueductal grey (pain pathway) by the anterior
cingulate gyrus (emotion centre).4

Tests for CRPS
CRPS remains a clinical diagnosis. There is no “gold standard” investigation. Tests

may be useful in detecting diseases that mimic the syndrome such as cellulitis. Despite
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the presence of peripheral inflammation in CRPS, inflammatory markers such as ESR
and CRP are usually not significantly elevated.

Quantitative Sensory Testing (QST) may demonstrate the presence of allodynia,
hyperalgesia and altered sensation in the affected region and beyond. Tests of
asymmetrical SNS function such as the resting sweat test, Quantitative Sudomotor
Axon Reflex Test (QSART) and galvanometry correlated with a clinical diagnosis 
of CRPS in 80% of cases.23 QST, QSART, the cold-pressor test combined with
thermography and laser-Doppler flowmetry are the best validated laboratory tools for
the investigation of CRPS.56 Skin temperature asymmetry testing during controlled
thermoregulation resulted in a sensitivity of 76% and a specificity of 93% in the
diagnosis of CRPS.48

Three-phase bone scans may demonstrate features suggestive of CRPS, particularly
asymmetrical peri-articular tracer uptake in the delayed phase. Although bone scan
changes correlated with a clinical diagnosis of CRPS in 53-85% of patients,23, 28 many
authorities question the utility of this test.57

Tests may prove useful in refuting a diagnosis of CRPS where there is clinical
uncertainty and the results are negative.58, 59

Prevention of CRPS
Prevention of CRPS is based on avoidance of trauma and unnecessary surgery, early

mobilization and rehabilitation of an injured body-part, and management of
psychological factors such as depression, anxiety and fear-avoidance. Programmes to
increase awareness of CRPS amongst medical practitioners may facilitate earlier
diagnosis and treatment. Administration of vitamin C decreased the incidence of
CRPS after radial fracture.60

Prevention of recurrent CRPS after surgery
Strategies to minimise recurrent CRPS should include a pre-operative assessment of

the patient by a pain management specialist and the development of a treatment plan.
Indications for surgery should be reviewed; there are reports of surgery being
performed to treat a painful mechanical condition where the pain was actually due to
CRPS.

Surgery should be limited in extent and duration, particularly avoiding nerve injury
and prolonged tourniquet use. Randomised controlled trials (RCTs) suggest that
intravenous regional blockade (IVRB) with clonidine and lignocaine,61 or the
administration of vitamin C60 may reduce recurrence. Sympathetic62 or neural
blockade63 and multimodal analgesia64 including the use of ketamine and calcitonin65

may also prove beneficial, based on case-controlled studies or case series. Post-
operative immobilization such as splinting should be minimised, and physiotherapy
commenced as soon as possible. Psycho-social problems need to be addressed.

Treatment of CRPS 
It is generally agreed that treatment should be instigated early in the course of CRPS

in order to improve outcome, although this has never been tested in clinical trials.
There is limited evidence to guide the treatment of CRPS. Consensus guidelines
advocate the delivery of effective analgesia and intensive physical therapy in order to
restore normal function in the affected region, as well as the management of psycho-
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social problems such as kinesiophobia, anxiety, depression and occupational issues.
This should ideally involve a multidisciplinary pain management team.26

Pharmacotherapy
The provision of analgesia in CRPS is based on “rational polypharmacy”, combining

analgesics, anti-neuropathic agents and anti-inflammatory drugs. Opioids may be of
benefit, but their use should be limited to avoid dependency and opioid induced
hyperalgesia. There is no specific evidence to validate the use of anti-depressants, anti-
convulsants, membrane stabilisers, NSAIDs, clonidine, opioids, tramadol or topically-
applied capsaicin, NSAIDs or local anaesthetics in the treatment of CRPS. Potential
benefit is based on evidence for the treatment of other neuropathic pain disorders.66

A meta-analysis of five RCTs with quality weighting concluded that salmon
calcitonin was beneficial in the treatment of CRPS. However, two of the placebo-
controlled trials had contradictory outcomes.67 RCTs also demonstrated benefit 
with bisphosphonates,68, 69, 70 gabapentin,71 corticosteroids,72 anti-oxidants such as oral 
N-acetylcysteine (NAC) or topical dimethylsulfoxide (DMSO) cream,73 IVRB with
lignocaine and clonidine,61 epidural clonidine74 and hyperbaric oxygen therapy.75 There
was evidence for limited benefit with intravenous lignocaine infusion,76 although a
Cochrane review suggested that further research was required.77

Lamotrigine,78 epidural ketamine,79 low-dose intravenous ketamine infusion,80

topical ketamine,81 subcutaneous lignocaine infusion,82 intravenous mannitol infusion83

or IVRB with clonidine84 may be useful in the treatment of CRPS based on evidence
from case reports. 

Sympathetic Blockade
IVRB

Despite being the mainstay of treatment of CRPS for many years, a meta-analysis
and systematic review concluded that IVRB with guanethidine, reserpine, atropine or
droperidol is ineffective.67, 72, 85 However, there may be limited benefit with ketanserin
or bretylium.72, 85

Sympathetic neural blockade
There are no randomised placebo-controlled trials to substantiate the use of sympa-

thetic neural blockade in the treatment of CRPS. Analysis of pooled data (largely from
retrospective case series) from 1144 patients found that only 29% reported complete
pain relief after a sympathetic nerve block.86 However, case-controlled studies,87, 88

experimental data46 and clinical consensus suggests these techniques may still be useful
in the diagnosis and treatment of SMP. 

Evidence of benefit for intravenous phentolamine infusion is contradictory72 and the
use of surgical, chemical or radiofrequency sympathectomy in the treatment of CRPS
cannot be validated, due to a lack of adequate clinical trials.89

Peripheral neural blockade
Continuous infusion of ropivacaine via a peri-neural catheter was associated with

significant improvement in pain and function in children with CRPS.90

Physical therapies 
The traditional phases of physiotherapy for CRPS include desensitization of the
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painful part, oedema control, passive mobilization, active mobilization and restoration
of normal function. A brief “rest period” with splinting may be helpful in the treatment
of acute CRPS with severe symptoms.

Despite consensus that physiotherapy and occupational therapy are of paramount
importance in the treatment of CRPS, few clinical trials have examined their
effectiveness. There was a modest improvement in pain and function in patients with
CRPS who received physical or occupational therapy compared with social work
therapy controls,91, 92 Physiotherapy combined with cognitive behavioural therapy93 or
an intensive exercise programme94 reduced pain and improved function in children
with CRPS. 

A randomised controlled trial demonstrated that motor imagery training (hand
orientation recognition task, imagined movements and “mirror box” training)
improved pain (NNT=3), oedema and function in patients with long-standing CRPS
of the upper limb.44 A small pilot study revealed that mirror visual feedback (mirror
box) training was effective in the treatment of acute CRPS.95

Invasive therapies
Invasive therapies may be employed to treat patients with intractable or severe

CRPS. In patients with chronic CRPS, spinal cord stimulation (SCS) produced a
modest improvement in pain but no change in function or quality of life when
compared with a physical therapy control group after six months.96 At a two year
follow-up, pain relief and “global perceived improvement” were maintained, but there
was still no improvement in function.97 A systematic review of SCS in the treatment of
CRPS calculated a NNT of 3 for significant improvement in pain at six months.98

Although there is evidence of limited benefit with SCS, further RCTs are required
before the technique can be fully validated.99

Intrathecal baclofen infusion improved dystonia in patients with CRPS of the arm
but only had a variable effect on pain and functional outcomes.100 Neurolysis and
amputation failed to produce long term benefit in the management of intractable
symptoms. 

A summary of the evidence for treatments is presented in the Appendix.

Summary
CRPS is indeed a “complex” disorder in terms of pathophysiology, diagnosis and

treatment. It is a multi-system disease typified by widespread nervous system
dysfunction and regional tissue inflammation. Treatment is based on a multi-
disciplinary pain management approach as outlined below.

A treatment plan for CRPS 
1. Referral to a multidisciplinary pain management service, where possible.
2. Confirmation of diagnosis of CRPS using IASP criteria and exclusion of

“mimicking” disorders (trauma, infection, vascular or neurological disease).
3. Bio-psycho-social assessment, including a comprehensive neurological and

functional assessment of the affected region and adjacent zones.
4. Resting and splinting of the affected part (for a short period only) if symptoms are

severe.
5. Provision of adequate analgesia (“rational polypharmacy” and/or neural

blockade):
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a) Tri-cyclic antidepressants, tramadol, paracetamol, NSAIDs, COX-2 selective
inhibitors, opioids, clonazepam, gabapentin. If these are inadequate, consider:

b) Calcitonin injections, low-dose parenteral ketamine infusion. If these are
inadequate, consider:

c) neural blockade with local anaesthesia:
— continuous peripheral nerve catheter or epidural infusion to provide

prolonged analgesia and sympathetic blockade (avoid motor block).
— targeted sympathetic blockade.

d) Consider bisphosphonates, vitamin C, clonidine, topical agents, corticosteroids.
6. Physiotherapy programme including cortical “reprogramming” tasks such as motor

imagery training.
7. Management of psycho-social disorders (kinesiophobia, anxiety, post-traumatic

stress disorder and depression).
8. Functional and occupational rehabilitation.
9. Educate the patient, family and staff about CRPS as they may not be familiar with

the condition.
10. Follow up care.
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Appendix: Evidence for treatments in CRPS
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anaesthesia. He has special interests in CRPS, phantom limb pain and the use of 
a multi-disciplinary rehabilitation approach in the management of these pain
syndromes. Other interests include fibromyalgia, visceral pain syndromes and acute
pain service applications.

Introduction
Complex Regional Pain Syndrome (CRPS) has been described as a “strange pain in

a strange looking limb”. The pain is “strange” because its severity is out of keeping with
the often minor and transient nature of the inciting event. The affected part also looks
“strange” (swollen, red, white or blue) and responds in a “strange” manner (hot, cold,
sweaty, tremulous or weak). Dysfunction of cortical, sensory, motor and autonomic
components of the nervous system along with peripheral inflammatory changes
(neurogenic inflammation, tissue ischaemia) may be the patho-physiological basis for
CRPS. Psychological and social problems such as anxiety, depression, fear avoidance
(of painful movements) and loss of employment may develop. Both the affected body
part and the patient as a whole may become “dysfunctional” in CRPS.

Management of CRPS is based on the bio-psycho-social model of pain and should
involve a multidisciplinary team. Keystones include the provision of effective analgesia,
allowing the affected region to be mobilised (physical therapy) and returned to normal
function as soon as possible, the “use it or lose it principle”. Psychological, social and
occupational rehabilitation should also be provided.

Definitions and diagnostic criteria
The diagnosis of CRPS remains largely clinical and is based on the taxonomy of 

the International Association for the Study of Pain (IASP). CRPS type I (reflex
sympathetic dystrophy) is diagnosed where there is no evidence of a precipitating
nerve injury, in contrast to CRPS Type II (causalgia) where a nerve injury is present.
In addition, pain may be classified as sympathetically maintained (SMP) or
sympathetically independent (SIP), depending on clinical features or response to
sympathetic blockade.1

The IASP diagnostic criteria for CRPS have been criticised for lacking specificity
and failing to include motor signs and symptoms which are present in a majority 
of cases. Revised criteria have been proposed, based on the presence of signs and
symptoms in each of four categories (sensory, vasomotor, sudomotor and motor/
trophic) with improved specificity in diagnosis.2 CRPS is a diagnosis of exclusion;
therefore, disorders that mimic the syndrome such as infection, trauma, vascular
disease or neuropathy must be considered.

147
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Clinical features of CRPS
In CRPS there is usually a history of an inciting event, such as a nerve or tissue injury

(sprain, fracture, surgery) or a period of immobilization. In most cases, the severity of
the clinical presentation is disproportionate to the severity of the inciting event. The
syndrome may also be triggered by stroke, spinal cord injury, visceral disorders such as
myocardial infarction and cholecystitis, and “trivial events” such as bruising and
venipuncture. Prolonged use of a surgical tourniquet3 and psychological stress4 have
also been implicated. Interestingly, some patients with neck pain after whiplash injury
exhibit features of CRPS,5, 6 including dystonia.7

Patients with CRPS typically present with neuropathic-type pain (tearing, burning,
shooting, aching), allodynia (mechanical and cold stimuli), hyperalgesia, oedema,
vasomotor changes (warm and red or cool and dusky), sudomotor changes (dry or
sweaty), motor dysfunction (weakness, tremor, dystonia) and, in severe cases,
dystrophy and atrophy (skin, hair, nails, muscle, bone). Symptoms and signs occur in a
regional distribution and not in the territory of a peripheral nerve or dermatome. A
syndrome with all the features of CRPS, except for pain, has also been described.8

Some authorities have proposed distinct clinical stages; however, the validity of this
approach is questionable given the variable clinical course of the disorder.9 The
features of CRPS may “spread” contiguously (in the same region), in “mirror-image”
fashion (e.g. to the opposite hand) or independently (e.g. from hand to foot). In some
cases, “spread” is associated with a new inciting event.10

Abnormalities in sensory testing (such as decreased sensation to light touch, pin
prick and vibration) may be found in the affected region and adjacent areas, including
the corresponding quadrant or hemi-body. There is a higher incidence of motor
impairment and mechanical allodynia in patients with widespread sensory impair-
ment.11 Many patients with CRPS develop “neglect-like symptoms” (similar to those
seen after a stroke) in the affected limb.12 Reports include the feeling that their arm or
leg “doesn’t seem to belong to them anymore” (cognitive neglect) or having to “think
harder to make it move” (motor neglect). Phantom sensations such as strange limb
postures or “extra” body parts have also been described.13, 14

Table 1
IASP diagnostic criteria for CRPS  (Merskey and Bogduk 1994)1

CRPS type I
1. The presence of an initiating noxious event, or a cause of immobilization.
2. Continuing pain, allodynia, or hyperalgesia with which the pain is disproportionate to any inciting event.
3. Evidence at some time of oedema, changes in skin blood flow, or abnormal sudomotor activity in the

region of the pain.
4. This diagnosis is excluded by the existence of conditions that would otherwise account for the degree of

pain and dysfunction.
Note: criteria 2-4 must be satisfied.

CRPS type II
1. The presence of continuing pain, allodynia, or hyperalgesia after a nerve injury, not necessarily limited to

the distribution of the injured nerve.
2. Evidence at some time of oedema, changes in skin blood flow, or abnormal sudomotor activity in the

region of the pain.
3. This diagnosis is excluded by the existence of conditions that would otherwise account for the degree of

pain and dysfunction.
Note: all three criteria must be satisfied.



Abnormalities of limb movement and posture in CRPS may reflect the development
of fear-avoidant pain behaviours (kinesiophobia) or motor dysfunction. A causalgia-
dystonia syndrome is described, particularly in females and is characterised by 
a clenched fist (or foot) posture, early onset of contractures and spread to other
limbs.15, 16, 17 Many patients with CRPS develop areas of myofascial dysfunction (MD),
with trigger points within the proximal musculature of the affected limb, particularly
the arm and shoulder. The incidence of MD is higher in patients with motor neglect or
long-standing symptoms.18, 19

Psychological factors such as depression, anxiety and post traumatic stress disorder
are common, with 80% of patients reporting a stressful life event immediately before
the onset of their CRPS.20 Social and occupational problems such as disruption of
family life, injury compensation or loss of employment are frequently present.

The prevalence of clinical features in CRPS is presented in Table 2.

Epidemiology of CRPS
It is difficult to clearly define the epidemiology and natural history of CRPS, due to

variability in diagnostic criteria, taxonomy and treatment regimes. It most commonly
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Table 2
Prevalence of clinical features in CRPS (6-12 months post onset of symptoms)

Sensory features and pattern of “spread”
• Pain 81%-97% 
• Mechanical allodynia 54%-74%      
• Hyperaesthesia 72%
• Neglect 84%12

• Sensory impairment 69%-83% (mean duration of CRPS: 4.1 years)11

• Hemi-body or quadrant sensory impairment 50%11

• Contiguous spread 100% (mean time to onset: 2.6 months)10

• Independent spread 70%  (mean time to onset: 2.6 years)10

• Mirror spread 15%  (mean time to onset: 2.5 years)10

Vasomotor changes
• Skin colour change 87%-92%
• Altered skin temperature 79%-89%

Sudomotor/oedema changes
• Oedema 61%-97%
• Altered sweating 28%-53%

Motor/trophic changes
• Motor dysfunction 57%-98% 
• Weakness 75%-95%
• Limited range of movement 80%-88%
• Incoordination 47%
• Tremor 48%
• Spasm 13% 
• Dystonia 14%17

• Myoclonus 4%11-20% 
• Altered skin growth 39%
• Altered nail growth 28%
• Altered bone growth 48%

Severe complications 7%24 (infections, ulcers, chronic oedema, dystonia, 
myoclonus) 

Based on data from Veldman et al (1993),21 Harden (2001),22 Sandroni et al (2003)23 and other sources.
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presents in middle-aged females. Nearly all patients report an inciting event (most
commonly a fracture) and many experience a resolution of symptoms within 60
months, both with treatment and spontaneously. Predictors of a more positive clinical
outcome were fracture injury (when compared with sprain) and the absence of sensory
symptoms or swelling.23 A persisting cool limb early in the presentation was associated
with the development of severe trophic changes, oedema, infection and motor
dysfunction, particularly in young females.24 (See Table 3.)

Occupational issues in CRPS
Approximately 50% of patients developed CRPS after a work related injury and a

similar proportion received injury compensation. The highest incidence was in service
industries, such as policing, security, restaurant work, clerical and sales professions and
manual trades.19 A 5 year follow up study found that most patients continued to work
full time, although one-third had to give up work for at least a year or change
occupations.29

CRPS in children and adolescents 
21% of children attending a paediatric pain management clinic were diagnosed with

CRPS, with a ratio of type I to type II of 10:1 (adults 4:1). The mean age was 13.7 years
with a range of 9-17 years. The most common presenting group was pre-pubescent

Table 3
Epidemiological data for CRPS

Incidence 
CRPS type I c. 1/20 000
CRPS type II c. 1/100 000

Prevalence
CRPS type I c. 1/5 000
CRPS type II c. 1/25 000

Ratio of CRPS type I: type II c. 4:1  

Mean age at presentation: 42-50 years

Female to male ratio: c. 4:1

Upper limb to lower limb ratio c. 2:1  

Inciting event c. 90% (no inciting event: 6-10%)21

• fracture: 16%-46%
• sprain: 16%-29%
• immobilization: 47%
• post surgery: 3%-24%26

Incidence of CRPS 
• after a fracture: 1%-2% 
• after Colles fracture: 7%-35%27

• after a nerve injury: 2%-5%21

Mean duration of symptoms: 11.6 months (range 1-60 months) 

Resolution of symptoms: 74% 

Recurrence: 10% (incidence of recurrence c. 2% per year)28

Based on Sandroni et al (2003),23 Veldman et al (1993),21 Allen et al (1999),19  Berklein et al (2000),25 Stanton-
Hicks et al (2002),26 Bickerstaff et al (1994)27 and Veldman and Goris (1996).28
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females, with an overall female to male ratio of 3:1, which is similar to adults. The
lower limb was most frequently affected (upper to lower limb ratio of 1:3), in contrast
to adults, where the situation is reversed (2:1). Inciting events included minor trauma
(41%) and lower limb surgery (3.6%), with twice as many children (20%) as adults
reporting no identifiable cause.30

Issues such as participation in play and sports (with greater risk of injury), growth
and puberty and social factors such as school attendance and lack of injury
compensation may affect the presentation and course of CRPS in childhood and
adolescence.

Patho-physiology of CRPS
Dysfunction of cortical, sensory, motor and autonomic components of the nervous

system, along with peripheral inflammatory changes (neurogenic inflammation, tissue
ischaemia) may be the patho-physiological basis of CRPS. Janig and Baron proposed
that CRPS is “largely a disease of the central nervous system (CNS) involving
sympathetic, afferent and motor systems”.31, 32

Abnormal cortical function 
Patients with CRPS demonstrate impaired performance on spatial orientation

tasks33, 34 and altered tactile sensitivity, associated with widespread cortical dys-
function.35, 36 Trans-cranial magnetic cortical stimulation revealed “hyper-excitability”
in sensory and motor areas representing the affected limb37, 38 and motor cortical
stimulation attenuated pain perception.39 Imaging studies showed changes in the
somatosensory cortex during the period of treatment and recovery.40

A mismatch of motor intent and sensory feedback to and from a limb (as occurs with
immobilization or after amputation) produces dysfunction in the dorso-lateral pre-
frontal and inferior parietal cortices, areas involved in generating the somato-spatial
“body map”. This may lead to the development of cortical pain, phantom sensation,
sensory neglect and dystonia.41, 42, 43 The concept is similar to developing motion sickness
due to conflicting visual and vestibular inputs to the brain. Physical therapies may
improve CRPS by correcting motor-sensory mismatch,44 essentially “re-programming”
the cortex.

Central sensitization
Central sensitization is a state of CNS neuronal hyperactivity due to increased

nociceptive input, particularly at the level of the dorsal horn of the spinal cord. This
process contributes to pain, allodynia and hyperalgesia in CRPS.

Sympathetic nervous system
Intradermal injection of noradrenaline into areas affected by CRPS45 evokes pain

and sympathetic ganglion blockade with local anaesthesia may produce analgesia.46

There is increased expression of adrenoreceptors in nociceptive afferents and
sympathetic-sensory neuronal coupling (particularly in deep somatic structures such as
muscle) in affected regions. The latter process may explain deep aching pain and
mechanical allodynia in the muscles and joints of patients with CRPS.32 Increased
levels of circulating catecholamines were found in patients with SMP compared with
normal controls and there was a positive correlation between affective distress on
psychological testing and higher adrenaline levels.47
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The acute phase of CRPS is usually characterised by vasodilation and warmth in the
affected region, suggesting a decrease in sympathetic drive. This may be due to CNS
inhibition of sympathetic vasoconstrictor activity. In the chronic phase of CRPS, pale
or blue skin colour, decreased temperature and dystrophic changes suggest a state of
sympathetic overactivity. This may be due to “denervation supersensitivity” to
catecholamines, associated with increased adrenoreceptor expression in blood vessels
and nerves.48

Experimental whole-body cooling only produced increased SNS activity (vaso-
constriction), pain and allodynia in patients with SMP.49 This may explain why only a
proportion of patients with CRPS are sensitive to the effects of increased sympathetic
drive.

Regional inflammation in CRPS
The cardinal features of inflammation; pain, swelling, redness, heat, and loss of

function describe the peripheral features of CRPS precisely. 
There is evidence of neurogenic inflammation with the peptidergic neurotransmitter

system playing an important role. Sciatic nerve lesions in rats produced a CRPS-like
syndrome which was reversed by a Substance P (SP)-Neurokinin-1 (NK1) receptor
antagonist.50 Simulated injury or immobilisation of rodent limbs produced peripheral
neurogenic oedema, with antidromic spread of vasoactive neuropeptides such as SP
and Calcitonin Gene Related Peptide (CGRP) into the affected region from the spinal
cord.51 Intradermal injection of SP into both the affected and non-affected limbs of
patients with CRPS demonstrated a significant increase in protein extravasation at
both sites.52

Tissue ischaemia may also play a role in the inflammatory processes of CRPS.
Constriction injuries in rodent limbs (mimicking surgical tourniquet placement)
produced changes similar to CRPS which were reversed by oxygen free radical
scavengers.3 In patients with CRPS, skin capillary haemoglobin oxygenation was
decreased compared with normal controls.53 Other studies demonstrated increased
venous oxygen saturation, increased lactate and impaired ATP metabolism in affected
tissues.

The generation of pro-inflammatory cytokines such as Tumour Necrosis Factor-
alpha (TNF-�) may contribute to inflammation in CRPS, with inhibitors such as
thalidomide being investigated as possible treatments.

Genetics
HLA susceptibility loci for CRPS have been found on chromosome 6, including loci

associated with trauma susceptibility or the development of dystonic states.54

Psychiatry
Some authorities suggest that CRPS is a somatoform or conversion disorder.55 A

case of psychologically induced CRPS has been described, possibly resulting from
abnormal modulation of the peri-aqueductal grey (pain pathway) by the anterior
cingulate gyrus (emotion centre).4

Tests for CRPS
CRPS remains a clinical diagnosis. There is no “gold standard” investigation. Tests

may be useful in detecting diseases that mimic the syndrome such as cellulitis. Despite
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the presence of peripheral inflammation in CRPS, inflammatory markers such as ESR
and CRP are usually not significantly elevated.

Quantitative Sensory Testing (QST) may demonstrate the presence of allodynia,
hyperalgesia and altered sensation in the affected region and beyond. Tests of
asymmetrical SNS function such as the resting sweat test, Quantitative Sudomotor
Axon Reflex Test (QSART) and galvanometry correlated with a clinical diagnosis 
of CRPS in 80% of cases.23 QST, QSART, the cold-pressor test combined with
thermography and laser-Doppler flowmetry are the best validated laboratory tools for
the investigation of CRPS.56 Skin temperature asymmetry testing during controlled
thermoregulation resulted in a sensitivity of 76% and a specificity of 93% in the
diagnosis of CRPS.48

Three-phase bone scans may demonstrate features suggestive of CRPS, particularly
asymmetrical peri-articular tracer uptake in the delayed phase. Although bone scan
changes correlated with a clinical diagnosis of CRPS in 53-85% of patients,23, 28 many
authorities question the utility of this test.57

Tests may prove useful in refuting a diagnosis of CRPS where there is clinical
uncertainty and the results are negative.58, 59

Prevention of CRPS
Prevention of CRPS is based on avoidance of trauma and unnecessary surgery, early

mobilization and rehabilitation of an injured body-part, and management of
psychological factors such as depression, anxiety and fear-avoidance. Programmes to
increase awareness of CRPS amongst medical practitioners may facilitate earlier
diagnosis and treatment. Administration of vitamin C decreased the incidence of
CRPS after radial fracture.60

Prevention of recurrent CRPS after surgery
Strategies to minimise recurrent CRPS should include a pre-operative assessment of

the patient by a pain management specialist and the development of a treatment plan.
Indications for surgery should be reviewed; there are reports of surgery being
performed to treat a painful mechanical condition where the pain was actually due to
CRPS.

Surgery should be limited in extent and duration, particularly avoiding nerve injury
and prolonged tourniquet use. Randomised controlled trials (RCTs) suggest that
intravenous regional blockade (IVRB) with clonidine and lignocaine,61 or the
administration of vitamin C60 may reduce recurrence. Sympathetic62 or neural
blockade63 and multimodal analgesia64 including the use of ketamine and calcitonin65

may also prove beneficial, based on case-controlled studies or case series. Post-
operative immobilization such as splinting should be minimised, and physiotherapy
commenced as soon as possible. Psycho-social problems need to be addressed.

Treatment of CRPS 
It is generally agreed that treatment should be instigated early in the course of CRPS

in order to improve outcome, although this has never been tested in clinical trials.
There is limited evidence to guide the treatment of CRPS. Consensus guidelines
advocate the delivery of effective analgesia and intensive physical therapy in order to
restore normal function in the affected region, as well as the management of psycho-
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social problems such as kinesiophobia, anxiety, depression and occupational issues.
This should ideally involve a multidisciplinary pain management team.26

Pharmacotherapy
The provision of analgesia in CRPS is based on “rational polypharmacy”, combining

analgesics, anti-neuropathic agents and anti-inflammatory drugs. Opioids may be of
benefit, but their use should be limited to avoid dependency and opioid induced
hyperalgesia. There is no specific evidence to validate the use of anti-depressants, anti-
convulsants, membrane stabilisers, NSAIDs, clonidine, opioids, tramadol or topically-
applied capsaicin, NSAIDs or local anaesthetics in the treatment of CRPS. Potential
benefit is based on evidence for the treatment of other neuropathic pain disorders.66

A meta-analysis of five RCTs with quality weighting concluded that salmon
calcitonin was beneficial in the treatment of CRPS. However, two of the placebo-
controlled trials had contradictory outcomes.67 RCTs also demonstrated benefit 
with bisphosphonates,68, 69, 70 gabapentin,71 corticosteroids,72 anti-oxidants such as oral 
N-acetylcysteine (NAC) or topical dimethylsulfoxide (DMSO) cream,73 IVRB with
lignocaine and clonidine,61 epidural clonidine74 and hyperbaric oxygen therapy.75 There
was evidence for limited benefit with intravenous lignocaine infusion,76 although a
Cochrane review suggested that further research was required.77

Lamotrigine,78 epidural ketamine,79 low-dose intravenous ketamine infusion,80

topical ketamine,81 subcutaneous lignocaine infusion,82 intravenous mannitol infusion83

or IVRB with clonidine84 may be useful in the treatment of CRPS based on evidence
from case reports. 

Sympathetic Blockade
IVRB

Despite being the mainstay of treatment of CRPS for many years, a meta-analysis
and systematic review concluded that IVRB with guanethidine, reserpine, atropine or
droperidol is ineffective.67, 72, 85 However, there may be limited benefit with ketanserin
or bretylium.72, 85

Sympathetic neural blockade
There are no randomised placebo-controlled trials to substantiate the use of sympa-

thetic neural blockade in the treatment of CRPS. Analysis of pooled data (largely from
retrospective case series) from 1144 patients found that only 29% reported complete
pain relief after a sympathetic nerve block.86 However, case-controlled studies,87, 88

experimental data46 and clinical consensus suggests these techniques may still be useful
in the diagnosis and treatment of SMP. 

Evidence of benefit for intravenous phentolamine infusion is contradictory72 and the
use of surgical, chemical or radiofrequency sympathectomy in the treatment of CRPS
cannot be validated, due to a lack of adequate clinical trials.89

Peripheral neural blockade
Continuous infusion of ropivacaine via a peri-neural catheter was associated with

significant improvement in pain and function in children with CRPS.90

Physical therapies 
The traditional phases of physiotherapy for CRPS include desensitization of the
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painful part, oedema control, passive mobilization, active mobilization and restoration
of normal function. A brief “rest period” with splinting may be helpful in the treatment
of acute CRPS with severe symptoms.

Despite consensus that physiotherapy and occupational therapy are of paramount
importance in the treatment of CRPS, few clinical trials have examined their
effectiveness. There was a modest improvement in pain and function in patients with
CRPS who received physical or occupational therapy compared with social work
therapy controls,91, 92 Physiotherapy combined with cognitive behavioural therapy93 or
an intensive exercise programme94 reduced pain and improved function in children
with CRPS. 

A randomised controlled trial demonstrated that motor imagery training (hand
orientation recognition task, imagined movements and “mirror box” training)
improved pain (NNT=3), oedema and function in patients with long-standing CRPS
of the upper limb.44 A small pilot study revealed that mirror visual feedback (mirror
box) training was effective in the treatment of acute CRPS.95

Invasive therapies
Invasive therapies may be employed to treat patients with intractable or severe

CRPS. In patients with chronic CRPS, spinal cord stimulation (SCS) produced a
modest improvement in pain but no change in function or quality of life when
compared with a physical therapy control group after six months.96 At a two year
follow-up, pain relief and “global perceived improvement” were maintained, but there
was still no improvement in function.97 A systematic review of SCS in the treatment of
CRPS calculated a NNT of 3 for significant improvement in pain at six months.98

Although there is evidence of limited benefit with SCS, further RCTs are required
before the technique can be fully validated.99

Intrathecal baclofen infusion improved dystonia in patients with CRPS of the arm
but only had a variable effect on pain and functional outcomes.100 Neurolysis and
amputation failed to produce long term benefit in the management of intractable
symptoms. 

A summary of the evidence for treatments is presented in the Appendix.

Summary
CRPS is indeed a “complex” disorder in terms of pathophysiology, diagnosis and

treatment. It is a multi-system disease typified by widespread nervous system
dysfunction and regional tissue inflammation. Treatment is based on a multi-
disciplinary pain management approach as outlined below.

A treatment plan for CRPS 
1. Referral to a multidisciplinary pain management service, where possible.
2. Confirmation of diagnosis of CRPS using IASP criteria and exclusion of

“mimicking” disorders (trauma, infection, vascular or neurological disease).
3. Bio-psycho-social assessment, including a comprehensive neurological and

functional assessment of the affected region and adjacent zones.
4. Resting and splinting of the affected part (for a short period only) if symptoms are

severe.
5. Provision of adequate analgesia (“rational polypharmacy” and/or neural

blockade):



156 Australasian Anaesthesia 2005

a) Tri-cyclic antidepressants, tramadol, paracetamol, NSAIDs, COX-2 selective
inhibitors, opioids, clonazepam, gabapentin. If these are inadequate, consider:

b) Calcitonin injections, low-dose parenteral ketamine infusion. If these are
inadequate, consider:

c) neural blockade with local anaesthesia:
— continuous peripheral nerve catheter or epidural infusion to provide

prolonged analgesia and sympathetic blockade (avoid motor block).
— targeted sympathetic blockade.

d) Consider bisphosphonates, vitamin C, clonidine, topical agents, corticosteroids.
6. Physiotherapy programme including cortical “reprogramming” tasks such as motor

imagery training.
7. Management of psycho-social disorders (kinesiophobia, anxiety, post-traumatic

stress disorder and depression).
8. Functional and occupational rehabilitation.
9. Educate the patient, family and staff about CRPS as they may not be familiar with

the condition.
10. Follow up care.
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Principles of Cerebral Autoregulation Testing
Cerebral Autoregulation (CA) is the intrinsic ability of the brain to maintain stable

cerebral blood flow (CBF) while mean arterial blood pressure (MAP) and cerebral
perfusion pressure (CPP) are changing.1 It constitutes a regulatory mechanism to
provide metabolic substrates under physiological and pathological conditions, for
instance after neuro-trauma or spontaneous intra-cranial haemorrhage. Constant CBF
is regulated by changing arteriolar diameter, which will alter cerebral blood volume
(CBV) and, ultimately, intra-cranial pressure (ICP). On the other hand, ICP is the sum
of the partial pressures of brain tissue, cerebrospinal fluid (CSF) and CBV.2, 3

CA has two components: (a) Metabolic Autoregulation, which is the cerebrovascular
response to changes in paCO2, and (b) Pressure Autoregulation, which is the cerebro-
vascular response to changes in transmural vascular pressure resulting from changes in
CPP or MAP. Moreover, Pressure Autoregulation has a slow component, referred to
as “static CA” and a fast component, namely “dynamic CA”. CA testing is a process
which requires two parameters, a stimulus and a dependent variable. In clinical
practice, two stimuli are used for metabolic CA testing: (a) induced hyper- or hypo-
ventilation, and (b) administration of acetazolamide, a carbonic anhydrase inhibitor. 

CA pressure can be challenged by external mechanical or pharmacologic blood
pressure changes. Alternatively, intrinsic slow MAP fluctuations can also be used as a
physiological constant which provides a consistent, and continuously available,
stimulus generator.
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CBF, ICP and, more recently, partial pressure of cerebral oxygen (pbtiO2) are
assigned as the dependent variables. Monitoring ICP and pbtiO2 requires placement of
intracranial probes, which restricts its use largely to the ICU. Monitoring the volume
of CBF requires sophisticated scanning equipment, such as Xenon or SPECT
techniques. Monitoring cerebral blood flow velocity (CBFV), which is the first
mathematical approximation to the volume of blood flow, is readily available using
trans-cranial Doppler ultrasound (TCD), which has become widely accepted and is
now considered a valid tool for CA assessment.4, 5 Grading CA requires an index, which
is usually derived as a ratio of the magnitude of absolute (or relative) changes in the
derived parameter relative to the stimulus parameter. Table 1 provides a summary of
pressure CA testing techniques, the indices used and their references.

Metabolic Autoregulation (MA)
MA regulates CBF according to the metabolic needs of the tissue, primarily in

response to changes in brain tissue pH.6, 7, 8 Coupling cerebral metabolism with CBF
creates a link for increasing CBF in response to local or global ischaemia. MA
produces vasodilatation in an attempt to increase CBF when tissue pH drops during
ischaemic, hypoxic or hypercarbic events.9, 10 In contrast, profound respiratory alkalosis
achieved with hyperventilation results in cerebral vasoconstriction, which not only
increases cerebrovascular resistance but also decreases the cerebral blood volume.

This secondary effect on CBV is the mechanism whereby hyperventilation is useful
in treating acute intracranial hypertension. Hyperventilation represents external
manipulation of the most basic homeostatic mechanism. However, there is an
accompanying risk of iatrogenic ischaemia, if severe hyperventilation results in relative
or absolute decrease in cerebral blood flow. 

MA can be measured via the CBF response (ml/g/min) to changes in paCO2
(mmHg), and has been found to be approximately 3-4% during normocapnic venti-
lation.11, 12, 13 However, during hyperventilation, the relative global CBF change per 
mmHg paCO2 has been found to be closer to 2%11 and this becomes even less as CBF
is further decreased. On a global basis, MA is robust and is usually preserved after
severe Traumatic Brain Injury (TBI). About 75% of patients with preserved MA will
manifest significant ICP responsiveness to hyperventilation.14 However, significant
regional inhomogeneities in cerebrovascular responsiveness to CO2, ranging from
complete loss of auto-regulation to hyper-responsiveness13, 15, 16, 17 have been
demonstrated in patients with severe TBI.

Therefore, in addition to iatrogenically inducing ischaemia, hyperventilation can
result in paradoxical shunting of blood flow from areas of the brain with intact or
partially preserved metabolic autoregulation, to areas where this response is blunted
or lost (e.g. partially or totally destroyed brain tissue).18 Therefore, in patients with
severe TBI or aneurysmal subarachnoid haemorrhage, the cautious and judicious use
of hyperventilation is necessary.

Pressure Autoregulation (PA)
PA is the intrinsic ability of the brain to maintain a stable CBF over a wide range of

perfusion pressures by varying the degree of vasoconstriction or vasodilatation. (Figure
1). The vascular mechanisms responsible for maintaining stable CBF occur mainly in
the distal arterial and arteriolar systems.9 In the normal situation, where PA is intact,
CBF is kept constant at 40-50 ml/100g/min over the range of Arterial Blood Pressure
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(ABP) from 50 mmHg to 150 mmHg,1, 20, 21 As CPP rises within this pressure-active
range, progressive vasoconstriction serves to maintain CBF at a constant level, and 
this results in a concomitant decrease in CBV. Under conditions of intracranial hyper-
tension, this often causes ICP to decrease, which in turn improves compliance22, 23 Since
CBV is an important contributor to ICP, lowering the CBV can be useful in controlling
intracranial hypertension.24, 25, 26

Below and above the ABP range of 50-150 mmHg, PA is no longer maintained and
CBF approximates to a linear relationship as a pressure-passive system.20, 27, 28 Raising or
lowering the CPP produces a corresponding increase or decrease in CBF (as well as
CBV), resulting in a scenario where ICP parallels CPP (see Figure 2). Of particular
note, below the lower breakpoint of Pressure Autoregulation (50 mmHg), ICP will
decrease as CPP is lowered and CBF will fall in parallel. Therefore, although the
transient decrease in ICP will appear beneficial, hypoperfusion may result. This may
cause cellular injury and, eventually, refractory intracranial hypertension resulting
from the development of cytotoxic cerebral oedema due to the effects of cell damage
and death.

Finding The Best Stimulus
Given the above considerations, CA testing in clinical practice, and especially in an

ICU setting, should be performed safely and quickly. Ideally it should be done non-
invasively without patient positional changes or even the need to transport the patient
to a SPECT scanner. This testing should not include the risk of raising ICP or result in
cerebral ischaemia. Historically, CA testing in clinical practice started with measuring

Figure 1. Shows intact cerebral autoregulation where, within the autoregulatory range between 50 and 
150 mmHg ABP (x-axis), cerebral blood flow (y-axis) remains stable. There is no correlation between
pressure and flow. The Mx is less than 0.3.
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the graded response to hyperventilation (metabolic CA), or pharmacologically induced
blood pressure change (static CA). Such measurements involved transporting the
patient to a scanner and/or using radioactive tracers. 

With the availability of non-invasive TCD monitoring, several less invasive testing
protocols, which do not involve patient transport, have been developed. Aaslid and co-
workers described a TCD-based CA index, calculated from a sudden drop in blood
pressure induced by rapidly deflating thigh blood pressure cuffs following a two minute
inflation above systolic blood pressure.29 The index is calculated from the time course
of cerebral blood flow restoration to pre-test levels. Since this technique induces a 
20 mmHg pressure drop, it can significantly affect ICP and its use is limited to testing
outside the ICU. Diehl and co-workers developed an index which uses a high-pass
filter model of CA.30 CA is “... quantified as phase shift angle (� phi °) between
oscillations in CBFV and MAP at a frequency of 6/min. A phase shift angle of 
0 degrees indicates total absence of autoregulation, while 90 degrees can be gauged as
optimal autoregulation”. This index is suitable for ICU patients.31 However, this test
involves changing ventilator settings to enforced 6 breaths/min ventilation. Strebel and
co-workers described a modified TCD-based index also called “Rate of Regulation”
(RoR) which quantifies both dynamic (dRoR) and static (sRoR) CA.32 sRoR was
calculated by, “... observing the Velocity in the middle cerebral artery (Vmca) in
response to a phenylephrine-induced increase in MAP”.

Pharmacologic blood pressure lowering and/or elevation has been used in many

Figure 2. Demonstrates impaired cerebral autoregulation where flow (Y-axis) is entirely dependent on
pressure (x-axis). There is a positive correlation between pressure and flow. The Mx is greater than 0.3.
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studies21,23,25,32,33,34,35,36, 37 and it is widely accepted as a safe testing algorithm, because
vasoactive agents are commonly used in an ICU setting. However it is not suitable for
CA testing outside the ICU. In addition to the enforced 6 breaths/min ventilation
test,the so called “Tilt Table Test” (TTT) for systemic and TCD-based cerebral
autoregulation testing is commonly used outside the ICU.21, 38, 39, 40 Table 1 provides a
comprehensive summary of CA testing studies.

Physiology of CA Testing
The most attractive testing protocol would, ideally, not use any external

manipulations such as changing the ventilator settings or the administration of
vasoactive substances, whilst at the same time maintaining the normal supine body
position. Moreover, the protocol should be non-invasive, time-efficient and easy to
institute. Spontaneous, intrinsic and rhythmic fluctuations of Arterial Blood Pressure
(ABP) and other monitored variables provide an opportunity for such CA testing.
Such oscillations are found in ICP, as well as in cerebral and peripheral blood flow, and
they occur within distinct frequencies. These oscillations are called B-waves, when they
occur at 0.5-3/min (0.008-0.05 Hz). B-waves were first described by Lundberg as
spontaneous oscillations of ICP.41 Auer and Droste showed that these oscillations 
are caused by spontaneous changes of pial artery diameter.42, 43 Steinmeier suggested
that B-waves are linked to spontaneous fluctuations of CPP.44 Einhäupl discovered 
that systemic cardiovascular parameters such as ABP and heart rate also demonstrate
typical B-wave patterns45 and, finally, Zunker described them from recordings using
cutaneous finger-tip Laser Doppler Flowmetry (LDF).46

Mayer-Waves (M-Waves), which are recorded as spontaneous fluctuations of ABP
independent of respiration, were first described in 1876.47 These waves occur at 
3-9/min (0.05-0.15 Hz). Using different monitoring techniques such as TCD,46

cutaneous LDF48 and cerebral microcirculatory LDF,49 M-waves have been recorded in
many different organs.

Multiple generators and neuronal pathways are involved in the regulation of
cerebral, muscle and cutaneous blood flow. The generators of M- and B-waves are
thought to be located in the brain stem, in particular in the rostral-ventro-lateral-
medulla (rVLM). Main modifying inputs come from baro-afferents, via the nucleus of
the tractus solitarius (nTS) and the caudal ventro-lateral medulla (cVLM).50 The pre-
sympathetic outflow from the rVLM is mediated via monosynaptic projections to the
preganglionic neurons in the intermedio-lateral nucleus (IL) of the spinal cord.51 These
fibres project to post-ganglionic sympathetic vasoconstrictor fibres of the final
pathways to the different end-organ systems via the peripheral sympathetic ganglia.52

The cerebral vasculature appears to have different and/or alternative pathways coming
from the dorsal raphe nucleus or locus coeruleus via the facial and/or the trigeminal
nerves to the cerebral arteries.53, 54, 55, 56, 57, 58

From Invasive to Non-Invasive CA Monitoring
Czosnyka and colleagues developed an index (Mx — mean index of autoregulation)

which can quantify CA, based on spontaneous fluctuations.59 The Mx represents 
a mathematical approach to quantify the relationship of spontaneous fluctuations
between CPP and CBFV, and can be used as an index to express the stability of
cerebral blood flow during CPP changes. Based on previous studies, values less than
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0.3 indicate intact CA, (implying an increase in CPP should have little or no effect on
CBFV), whilst values >0.3 indicate failure of CA. Our group has recently examined
the advantages of using MAP (instead of CPP) for Mx calculations and has reported
that the ABP derived index of Mx (Mx-ABP) produces similar results to the original
Mx index.37 In a prospective analysis of data from 37 patients after TBI, we also
validated Mx-CPP expression, examined its prognostic relevance and assessed its
relationship with MAP, CPP, ICP, and CBFV. 

Mx-CPP >0.3 indicates impaired CA and patients in this group following TBI had a
significant positive correlation of CPP with CBFV, confirming failure of CA. In those
with Mx <0.3, CPP was not correlated with CBFV, indicating intact CA. These findings
were also confirmed for Mx-ABP. Moreover, we found a significant correlation
between impaired CA, indicated by Mx-CPP and Mx-ABP, and poor outcome in
patients with TBI. 

Our data confirm that dynamic CA disturbances during the first five days after TBI
are associated with an unfavorable outcome. This observation is supported by previous
work from the Cambridge group, who reported that the Mx correlated with outcome
in patients with TBI (r=0.41, p<0.0002), and that CA was severely disturbed during
the first two days in patients who died.59 Further evidence to support the prognostic
value of CA failure is provided in a study of 31 comatose  patients  with TBI in whom
CA was assessed by measuring CPP and cortical CBF, measured with laser Doppler
flowmetry.67 In their study, 9 of 11 patients with persistent loss of autoregulation died;
but transient loss of dynamic CA "did not always indicate poor outcome, provided the
impaired autoregulation responded to treatment." ABP, CPP, ICP and CBFV were not
correlated with CA, but it must be noted that our average CPP was considerably higher
than in other studies. Our study has validated this new index of preserved or failed CA
in patients with TBI. The index is also valid if ABP is used instead of CPP, which
eliminates the need for invasive ICP measurements for CA assessment. 

The Link Between Pressure And Flow
Czosnyka and colleagues have suggested that a moving correlation index between

MAP and ICP, called PRx (Pressure Reactivity Index), can be used to monitor and
quantify Cerebral vasomotor Reactivity (CR) in patients with TBI.61 In an attempt to
examine further the validity of using spontaneous pressure fluctuations for CA testing,
our group evaluated the PRx.60 We studied its relationship with CBFV and CA, and
identified variables associated with impairment or preservation of CR in a study in 40
patients with TBI. Our study found that a PRx value less than 0.3 indicates intact CR
and a PRx more than 0.3 impaired CR. 

MAP, ICP, mean CPP, and CBFV, measured bilaterally with TCD were recorded.
Dynamic CA was measured using the Mx for each cerebral hemisphere. All variables
were compared in patients with intact versus patients with impaired CR. We were able
to demonstrate no correlation between MAP/CPP and CBFV in 19 patients with intact
CR. In contrast, there was a statistically significant correlation between ABP or CPP
and CBFV in 21 patients with impaired CR, whose CA was significantly reduced.
There was no correlation with ICP, ABP, CPP and inter-hemispheric CA differences,
but these variables were largely within normal limits. In this study, we were able to
show that the PRx is a valid measurement to monitor and quantify CR in patients with
TBI. This ICP-based index reflects changes in cerebral blood flow and CA capacity,
suggesting a close link between blood flow and ICP in patients with TBI. This explains



168 Australasian Anaesthesia 2005

why ABP/CPP elevation may be useful for reducing ICP, especially in those TBI
patients with intact CR.

Hemispheric Asymmetry and Temporal Profiles of Cerebral Pressure Autoregulation
in TBI

Two issues readily cause problems in CA testing, Hemispheric Asymmetry (HA) and
Temporal Profiles (TP). Our group has examined both and has further studied the HA
and TP relationships with ABP and CBFV, and their prognostic relevance.62

Mx was calculated from non-invasively obtained, second daily continuous MAP
measurements, for each hemisphere in 25 TBI patients for as long as they were
receiving sedation and analgesia. Forty-nine recordings (range one to six per patient)
were obtained, Four Temporal Profile time periods were defined: (a) immediate post-
injury days (PID) 0 and 1, (b) early — PID 2 and 3, (C) intermediate — PID 4 
and 5, and (d) late — PID 6. GOS was estimated at discharge. GOS 4 and 5 were
considered as favorable (15 patients) and GOS 1-3 unfavorable outcomes (10
patients). 

A Mx difference >0.2 was arbitrarily classified as Hemispheric Asymmetry (HA).
HA was observed at least once in 12 of the 25 patients (48%) and in 18 of 49 recordings
(37%). HA was observed during all Temporal Profile time periods: 35%, 43%, 25%,
43% respectively. It also was unrelated to outcome. There was no difference in 
mean CBFV or ABP between patients with and without HA. HA was not related to
inter-hemispheric CBFV differences. A significant improvement in Mx was seen over
time. 

We  concluded that hemispheric CA asymmetry is common after TBI. It does not
bear significant clinical or predictive relevance and is unrelated to CBFV or ABP. CA
is most profoundly disturbed during the immediate post-injury phase and improves
gradually during the ICU course. 

Aging and CA
Changes in CA have been reported by several groups in patients with TBI. Despite

growing interest in biological research, the exact mechanism of control in healthy
control subjects remains obscure. Investigating the effects of aging on CA may provide
further insights into these mechanisms, but at present there is a paucity of studies
investigating this. However, one study63 suggests that age does have an influence on
CA. Our own study64 into the effects of aging found conflicting results. We used the
Mx-ABP index of dynamic CA to investigate CA in patients across a wide spectrum of
ages (23-68 years) and did not find any correlation between age and CA. The healthy
control subjects tested in our study all had intact CA. We separated the subjects into a
“young” and an “old” group and looked for any differences in the Mx-ABP index, but
did not find any statistically significant differences, implying that age did not affect CA.
Clearly, more research is required in the area of aging and CA in order to provide a
greater understanding of the underlying mechanisms involved over time.

Summary and Outlook
Invasive and non-invasive CA testing has become clinically possible and offers the

opportunity to study a “capacity-index”, in addition to the static monitored parameters
such as ICP, CBFV, or pbtiO2. Historically, CA testing represented an academic
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exercise, which did not translate into therapy. Now, pathologic thresholds are available
and CA has been confirmed to bear prognostic value. 

In keeping with the “clinical” history of measuring ICP and pbtiO2, the question now
becomes whether therapeutic manoeuvres aimed at improving CA will have a relevant
effect on outcome and long-term prognosis in ICU patients with either TBI or
spontaneous subarachnoid haemorrhage. It would be necessary to study the effect of
changing MAP on CA in an attempt to optimize CA, similar to what might be called a
CA-oriented CPP therapy.25

We have shown that CA and cerebrovascular reactivity (CR) are closely linked.60 The
utility of CR-directed therapy rather than CA-directed therapy in TBI seems logical
because CR is derived from ICP, which is the main treatment target, rather than from
CBFV which is used for CA assessment. Steiner from the Cambridge Group has
demonstrated that monitoring the CR can identify an optimal cerebral perfusion
pressure (CPP-OPT) in 60% of a large series of patients with TBI. The authors 
stressed that at least 24 hours of continuous monitoring were required to determine
CPP-OPT.68 This period is needed for accurate assessment of CR over a sufficiently
wide range of spontaneous fluctuations of MAP. They did, however, not manipulate
CPP but looked at spontaneous changes.

The next clinically logical step would be to formulate a study protocol in which CPP
is varied, whilst comparing CA and CR along with a “blood pressure challenge”, ideally
with a bedside-based-real time CA/CR monitor. In addition, new real-time software
(Navigator) is available to continuously follow and manipulate cardio vascular
haemodynamics within preset physiological ranges (Prof. G. Parkin — personal
communication and collaboration).

It is also conceivable that CA testing might offer an opportunity to define the
optimum level of hyperventilation. Would it be possible to restore pressure CA by
increasing vasomotor tone by mild to moderate hyperventilation? What are the effects
of various drugs on CA? 

The ICU offers an ideal environment to safely test different therapeutic options
while physiologic variables such as ICP, pbtiO2, CBF or CBFV are carefully monitored.
Using a non-invasive protocol, studies can be performed during the ICU period with
follow-up studies of CA during in-hospital rehabilitation and later convalescent
periods being evaluated. With the growing number of publications, CA assessment
appears to be gaining wider acceptance and interest in research to evaluate and
understand the immediate and long-term effects of neuro-intensive care therapies and
interventions. 
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Outcome prediction in intensive care is a challenging process. It requires accurate
synthesis of quality data and application of prior experience to the analysis. To
facilitate this process, artificial neural network (ANN) technology is being increasingly
used. ANNs are a form of artificial intelligence capable of analysing complex medical
data. They are a class of models and learning methods that superficially resemble the
interconnecting neuronal architecture of the human brain. “Learning” occurs with
iterative changes in the interrelationships between the “neurones”. 

There is a considerable amount of activity in the application of ANNs to the medical
area. A Medline® search of “artificial neural networks” currently picks up a list of over
a thousand papers. In a recent review1 of artificial intelligence in the Intensive Care
Unit (ICU), only six paragraphs described ANN applications in the ICU. This review
will provide more background and detail, and will focus on applications of ANNs in
ICU to predict patient death and resource use. There are two aims. The first is to
describe the machine learning method of ANNs. The second is to review applications
of ANNs in the ICU, with particular reference to the estimation of probability of death
of adult ICU patients and the length of ICU stay.

Machine Learning Applied to Classification and Regression Problems
Machine learning algorithms use iterative adjustment to parameters to train a

model. An error function that compares the outcomes of a training dataset to model
predictions is minimised to optimise the model performance. ANNs have been applied
to modelling the outcomes of ICU patients. This is an example of a supervised learning
task where training datasets of patient related and diagnostic variables, when
corresponding resultant patient outcomes are known. Though these approaches are
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computationally intensive, it is practical to model ICU patient outcomes in this way
because of the ready availability of powerful desktop processors. 

1.  Conceptual Framework of ANNs 
ANNs provide a diverse range of models for classification and regression problems.

They have architectures of networks of interconnected simple processors. The training
process involves learning patterns in the training data, often by modifying the weights
that link the interconnected processing units. The following discussion will be limited
to the supervised learning instance. A more detailed introduction to this topic is
available in other references.2-5 The most commonly used example of an ANN is the
multilayer perceptron (MLP) which is shown in Figure 1. 

Figure 1. Architecture of 2 Layer Multi-Layer Perceptron.     Input units,      Hidden units in hidden layers,  
Weights,       Output units.



This example of a 2 layer MLP has an input layer of n input units (left, �) equal to
the dimension of the input vector. It has hidden layer units (centre, �) and output layer
units (right, D). The data input is an n dimensional vector, x. In the example, feature
values x1 to xn are presented at the input nodes. The arrows represent connecting
weights. Each input node connects to each node in the layer below. The vector of
weights at each node are w. In the hidden layer in Figure 1, w will have n elements.
The input to each hidden unit is the sum of weighted inputs. This is the sum of
elements of the dot product of the vectors w and x i.e. w1x1+w2x2+… wnxn and is
abbreviated as � w . x. The input is processed by a bounded increasing activation
function to produce a non-linear output. A commonly used activation function is the
sigmoid function f (� w . x)=        1 . 

1+e� w . x

The outputs of the processing units are connected by weights to the next layer. The
next layer in this example is the output layer, though further hidden layers are possible.
At the output unit, the sum of the weighted signals is processed into the output 
signal. 

Supervised learning proceeds by iterative adjustments to the inter-connecting
weights of the ANN, to minimise the sum of the squared errors between observed 
and predicted output values. Initially, weights are set to random values. Subsequent
adjustment of the interconnecting weights in the network is by gradient descent down
the error surface seeking a minimum error value. Back propagation is one such
algorithm whereby the weights in the network are adjusted, according to the derivative
of the error with respect to the weights.5

MLP ANNs have a number of potential issues5 which are common to many
numerical optimisation procedures. For example, the gradient descent algorithm can
become trapped in local error minima, rather than proceeding to the optimal solution.
The MLP can produce different training results depending on the starting weights, by
terminating at different local error minima. As well, MLPs are prone to over-fitting. It
is usual practice to monitor performance on an external verification data set during the
training. The training process is terminated when the generalisation performance
begins to deteriorate. In addition, a test dataset is used to assess the model
performance. Whilst there are strategies to limit the problems caused by these issues,
it is important to train many MLPs and to choose the best ANN for the application at
hand.

A suitable approach is to divide the available data into three sets for each trial. A
training set is used to train the ANN. A verification set is used to monitor the
generalisation performance so that training can be stopped before over-fitting of the
model. Usually, an ANN will improve predictions with exhaustive training until nearly
all examples in the training data are correctly predicted. However, this often results in
a loss of ability to generalise to unseen data, so the verification set is used to stop
adjustments when overtraining occurs. A test set is used to assess the model
performance on the data not used for model development.

To illustrate an example of ANN use in the ICU, the patient outcome of interest
(survival/death) or a continuous outcome measurement (say, length of stay), and
explanatory variables that capture factors which influence patient outcome can be
used. Typically measurements that capture patient related factors (physiological
measurements, laboratory tests, co-morbidities and age), disease and diagnostic factors
(such as acuity or diagnostic group or procedure), and process factors (such as lead
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time, referral source or readmissions status) are used as the input vectors. The training
process will incorporate and weight the importance of the variables, based on the
experience accumulated in the training set.

2.  Review of the Use of ANN in the Intensive Care Unit
ANNs are widely applied in the medical area. Lisboa6 provides a thorough overview

of medical applications. Non-ICU applications include diagnosis,7-13 prognosis,14-20

physiological and laboratory data interpretation9, 12, 21-23 and pharmacology.12, 24 There are
a number of reports describing ANNs used to model ICU patient data and outcomes.
The following review of applications summarises the use of ANNs in the ICU from the
perspective of predicting mortality or resource use. 

Two studies have examined cardiac surgical sub-sets of ICU patients. Lippmann and
Shahian25 used a MLP ANN, logistic regression and Bayesian analysis to model the
survival outcomes of 80,606 cases. Fifty-nine demographic, physiological, laboratory,
diagnosis and cardiac assessment features were collected, of which 36 were used in the
model. The calibration of the logistic regression model was the best, but the model had
an area under the ROC curve of only 0.76. Orr26 reported an ANN to estimate the risk
of death in cardiac surgical patients using only seven variables selected from a patient
database. This model had good calibration, but lacked discrimination, with the area
under the ROC curve of only 0.74.

Buchmann et al27 compared a logistic regression model, MLP, GRNN (generalised
regression NN) and a probabilistic neural network to classify ICU patients on the basis
of chronicity (length of stay in ICU >7 days), rather than to predict mortality. He
found that the discrimination and calibration of the ANNs were superior to logistic
regression. Another study of prediction of resource use, as measured by hospital length
of stay, was published by Mobley et al.28 An ANN was trained to estimate the hospital
length of stay of 557 coronary care patients using 74 variables including demographic
characteristics, physiological observations, laboratory results, diagnostic tests and
index events. The ANN was able to predict length of stay within 24 hrs in 72% of
patients. However, this was only marginally better than using the mean length of stay
of each diagnostic class in the dataset.

Doig et al29 compared the predictions of an ANN to a logistic regression model for
the classification of a small series of 422 patients. Each patient had already survived to
72 hours in ICU. Variables were selected from the APACHE II system and re-
modelled. Remarkable discrimination was achieved on the training set (area under the
ROC curve=0.99). The discrimination was less good on the validation set (area under
the ROC curve 0.82) suggesting overtraining of the ANN with over-fitting to the
training data at the expense of generalisation performance. 

Dybowski et al30 compared an ANN trained with a genetic algorithm to a logistic
regression model for predicting the outcomes of a small subset of ICU patients (258
patients) with systemic inflammatory response syndrome. A classification tree and
logistic regression were used to select variables from physiological and demographic
variables, and index events that occurred during the hospital stay. The ANN had better
discrimination than logistic regression (area under the ROC curve 0.86 v 0.75). No
assessment was made of the calibration of the models.

Frize et al31 trained MLPs to classify non-operative (608) and operative (883) ICU
patients according to the predicted duration of mechanical ventilation. These models
were only assessed on the developmental dataset predictions. By pruning the number
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of input features from 51 to 6, classification performance improved and the network
complexity was reduced. This study demonstrated a practical approach to limiting
network complexity and provides useful documentation of a successful approach to
processing and transformation of patient data. However, the ANNs in this study 
were designed to estimate resource use rather than to predict mortality outcome. A
weakness of the study was that the models were not assessed on a separate test dataset,
so no conclusions can be drawn about the reproducibility of the modelling, or of the
model’s generalisation performance.

Two studies compared ANNs to the APACHE II system. Wong and Young32 com-
pared MLPs to the APACHE II system on 8796 patient admissions collected for an
APACHE II database. Both the MLP ANN and the APACHE II system had similar
discrimination (area under the ROC curve 0.82-0.84) and calibration. Nimgaonkar 
et al33, 34 also compared the performance of ANNs to the APACHE II system to predict
mortality in an Indian ICU. A series of 2962 cases were modelled using the input
variables for the APACHE II system. They analysed the contribution of each of the
features to the models. Discrimination by the ANN was superior to the APACHE II
(area under the ROC curve 0.88 v 0.77). The ANN displayed better calibration than
the APACHE II model. 

Clermont et al35 used logistic regression and ANN to model hospital mortality out-
come on 1647 ICU patients. The demographic and physiology variables were collected
under the rules of the APACHE III system. This is quite a good study and should be
considered in some detail. In Clermont’s study, the component variables of the
APACHE III model and the APACHE III score were used to model the probability of
patient death. The areas under the ROC curves were in the range of 0.8 (logistic
regression) — 0.836 (ANN with coded APACHE III observations). All the models had
reasonable calibration when 800 or more cases were used to develop the model. The
ANN and the logistic regression models were able to successfully predict ICU patient
death. A further important conclusion was that both the logistic regression and ANN
model performance deteriorated when the model development set size was reduced
below 800 cases. In a real application, at a busy hospital ICU like that at the Princess
Alexandra Hospital, this requires 5 months of patient data collection for model
building. For smaller ICUs, it may represent 2-3 years of data collection. 

Equally important was the author’s practical choice of the size of 447 cases for the
test dataset for model assessment. The size of this assessment set is a trade-off between
the expediency of collecting patient data and the important statistical issues of the
power and precision of the model assessment. For the PAH ICU and other busy ICUs,
447 patients requires about 3-4 months of data collection. For smaller units, a year may
be required just to collect enough patient data for model assessment. Balanced against
this, is the issue of smaller assessment datasets giving low statistical power to the
Hosmer-Lemeshow C (H-L C) test to detect imperfect calibration, and the loss of
statistical precision in estimating the area under the ROC curve. Clermont et al made
their choice based on a timed period of data collection. The size of the dataset they
used strikes a reasonable compromise between the time for data collection and
statistical issues. 

There are limitations to Clermont’s study. As Paetz36 in a letter to the Editor in a
subsequent edition of Critical Care Medicine commented, the study did not involve re-
sampling to demonstrate the robustness or reproducibility of the approach. It is
possible that the non-random split of cases to the training and validation sets was a
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major determinant of the model’s reported performance. Replicates of the modelling
on alternative random data selections and re-sampling to provide alternative assess-
ment sets are necessary to demonstrate consistency of the modelling approach. I would
add to these criticisms, that the authors used consecutive patients to build the models.
The last 447 consecutive cases in the dataset were used to assess all the models. Even
when smaller training sets were explored, non-random, consecutive sampling was used.
Introduction of bias into the model, the effects of influential outliers, or fortuitous
sampling cannot be excluded with their methodology. 

There are further technical limitations imposed by their methods. The patients’
diagnoses or diagnostic coding were not included in the variables for the model. Also,
the authors relied on the APACHE III algorithm for the weights that they used to pre-
process the variables for both the MLP ANN and the logistic regression model. These
APACHE III weights are added together to give the APACHE III score, which the
authors also selected as a variable in some models. A lack of diagnosis variables and
reliance on the APACHE III system may have limited the quality of the models that
could be built. The authors did not record how many ANNs were trained to yield the
optimal performance ANN, so it is not clear whether a limited or an exhaustive survey
of possible ANNs was conducted. Despite these short-comings, this paper is probably
the best example in the critical care literature.

Conclusion
Several applications of ANNs to prediction of ICU mortality have been reviewed.

Overall, the performances of ANNs on ICU mortality prediction tasks appear as good
as or better than logistic regression, on the datasets on which the models have been
developed. Conclusions about the generalisation of these ANN models outside the
contexts where each was developed can only be made when such models are applied
and validated more widely. Variation in data quality and measurement may be the
limitation to model performance, rather than the nature of the statistical tool.
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