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FOREWORD

Dr. G. M. Woerlee is well known in my department both as a clinician and teacher.
Years ofexperience have taught him that the problems discussed here have as yet not been
treated in this way in any single work.

In my opinion there is a real need for such abook, not only for resident and specialist
anaesthetists, but also among surgeons and internists, specialist and trainee. Management
of a patient in the operating room is a matter of teamwork, and knowledge of the problems
encountered is the basis of any mutual understanding!

The information which has been assembled and clearly presented in this book should
prove to be of great assistance in guiding our patients though an important phase of their
lives.

Professor Dr. Joh. Spierdijk,
Department of Anaesthesia,
University Hospital of Leyden,
The Netherlands.
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PREFACE

Much of the literature being published in the field of anesthesiology today concerns
a narrow, in-depth scrutiny of a specific area or anesthetic technique that does not provide
the novice with an overview ofthe perioperativeperiod and the commoneverydayproblems
faced by the anesthetist. Dr G.M.Woerlee of the University of Leidenwith his book, "Com
mon Perioperative Problems and the Anaesthetist", has filled a void in the current anes
thetic literature. Dr Woerlee reviews in a straightforward, no-frills manner problems
routinely encountered during the perioperative period. Other anesthesia textbooks do not
cover the material in quite the same logical, step-by-step fashion. This book contains an
enormous amount of information. It is a very practical guide for residents in anesthesiol
ogy, surgery, critical care, and internal medicine.

Theodore H. Stanley M.D.,
Professor of Anesthesiology,
The University of Utah,
Salt Lake City, Utah,
U.S.A.
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INTRODUCTION

It is well worth stating in the beginning of this book those subjects which this work
does not cover. While this is a book oriented towards anaesthetists, it is not intended to be
a text on how to administer anaesthesia. It also does not deal with paediatric or car
diothoracic anaesthetic problems, nor does it contain any discussion of intensive care
problems as such. All these subjects are more than adequately covered by the many excel
lent texts devoted specifically to these topics.

What this book does set out to do is present my own view of a practical, problem
oriented approach to assessment and management of clinical problems commonly
encountered in adult surgical patients in the perioperative period. Why only common
problems? Very simply because these are the problems which the anaesthetist comes into
contact with nearly every day, and which if well and efficiently managed result in greatly
reduced perioperative morbidity and mortality.

Very little mention is made of specific diseases, except where the disease is anaes
thesiologically significant in its own right. This is because the perioperative anaesthetic
management of a surgical patient is of such short duration that usually no cure of any dis
order can be made in this period. Healing and specific therapy of the vast majority of dis
eases are processes that occur over a period of days to weeks. The anaesthetist as well as
intensive care physician have as a main priority the preservation offunction until a cure can
be effected, or healing has occurred. For this reason the functional consequences of organ
dysfunction are emphasized rather than any specific disorders.

Most physicians engaged in the perioperative management of surgical patients have
a rather pragmatic approach to the problems they encounter. This may be summed up as
below.

• What is the problem?

• Why is it a problem?

• Is it significant in terms of morbidity or mortality?

• What is the physiological basis of the problem?

• How may the severity of the disorder be accurately assessed?

• At what level of severity does the problem become so significant that a change of
management, or a specific therapy is required?

• What are the physiological effects of various anaesthetic techniques, and how do
they relate to these problems. That is, at what level of severity of these problems



xiv

does the disorder become so significant that a modification of the anaesthetic
technique is required, and what is the anaesthetic management.

Each chapter uses this approach to the problem discussed. Understanding of the
physiological basis of each problem is emphasized, as a solution or a methodological ap
proach to one problem may be used to solve or understand other less common problems.

Accurate assessment of the severity of all problems is stressed, as this is essential for
purposeful and effective management. The requirement for unnecessary, possibly risky, as
well as expensive treatment is also minimized by using such an approach. Much use is made
for this purpose of simple clinical scoring systems, or parameters readily measured in most
modem hospitals. Such an approach leads to the concept of "treatment or management
thresholds", below or above which the level of dysfunction becomes so unacceptable that a
specific form of monitoring, therapy, or anaesthesia is required. This approach may be
criticized as being too rigid, and such criticism is true to some degree. However such an ap
proach should be viewed in the same way as a recommended drug dosage, a "normal arterial
blood pressure" or a "normal cardiac output". For example, a recommended drug dosage
provides aguide as to the magnitude ofthe dosage required, and even if rigidly applied does
not cause many problems, being non-lethal and effective in most cases. The experienced
physician uses a recommended drug dosage as a guide, and adjusts the dosage according to
the physiological condition of the patient. Management or treatment thresholds should be
viewed in precisely the same way. Another advantage of these "thresholds" is that they
provide some degree of decision support for the junior physician who has yet to acquire
clinical experience.

The chapters on electrolyte disorders, acid-base disorders, and intravenous fluid
therapy are somewhat extensive. But these three subjects are the source ofmuch confusion
and difficulty to junior physicians, and so much space has been devoted to explaining the
clinical aspects of these problems and their practical management.

Another facet which is emphasized is the appropriate selection of drugs. The proper
basis of effective drug administration is founded on a sound knowledge of the properties of
the various drugs used. Pharmacokinetic concepts are extensively used to explain drug ef
fects and the principles of drug administration. Part 15 provides a clinically oriented dis
cussion of basic pharmacokinetic and pharmacodynamic principles and their application.
Pharmacokinetic and pharmacodynamic properties of most commonly used anaesthetic
drugs are listed in appendix-A Selection of the appropriate drugs to use for any given
patient is discussed in each chapter dealing with a particular problem. These discussions
lean heavily on pharmacokinetic and pharmacodynamic concepts, and the implications of
the elimination pathways of the drugs used. All this is further supplemented by tables list
ing systemic haemodynamic effects of the most commonly used anaesthetic drugs in chap
ter 2.1.

Many basic topics are extensively referenced. This is done so that the more critical
reader can look these up for himself, and see on what evidence many so-called medical
"truths" are based. Hopefully, this will encourage further investigation into some as yetpoor
ly investigated areas, as well as encouraging a more critical approach to many subjects.



Part 1

PREOPERATIVE ASSESSMENT

Surgery always causes pain and often causes loss of blood, plasma or both. Both
surgery and anaesthesiamayprofoundly alter perioperative cardiovascular, pulmonary, me
tabolic, neurological, and immune function. Ifthe patient is unable to compensate for these
changes, or in cases where the physicians are unaware of the changes that may occur, they
may actually be life threatening in some situations.

The purpose of the preoperative visit is to assess the physiological functional reserve
of the patient. That is, to find out if the level of physiological functioning is such that the
patient can adapt to the changes that both anaesthesia and surgery certainly will induce.
Such an assessment is made by asking the clinical history, by physical examination, and by
use of parameters readily measured in most modem hospitals, as well as use of functional
classification systems. The latter provide a rough semi-quantifiable measure of physiologi
cal function to which a specific form of management or an outcome may be coupled.

The anaesthetist, surgeon, and internist should consult with one another regarding
the optimal management of any given patient in the perioperative period. While this is not
necessary for most simple elective operations, it is certainly necessary for patients who are
to undergo extensive surgery, or those who are very ill. If there is a query regarding the fit
ness of a patient for anaesthesia, it is the task of the anaesthetist to formulate an adequate
opinion. No other specialist is aware of the full range of anaesthetic modalities able to be
used to enable the patient to survive surgery and anaesthesia.
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Chapter 1.1

CLINICAL PREOPERATIVE ASSESSMENT

Clinical investigation of the patient coming for operation is the most important part
of preoperative assessment. It is what provides the most actual information as to the likely
level of physiological stress that is able to be endured, and the likely physiological reserves
possessed by the patient. The function of laboratory, roentgenological, haematological,
biochemical, electrocardiographic, etc, investigations is to provide valuable supplementary
information, in addition to a quantitative measure of any abnormality.

Of all the skills that a clinician may acquire, those ofkeen observation, and the ability
to integrate the information acquired so as to draw the correct conclusions are the most im
portant. ALLsenses must be employedwhen assessing apatientpreoperatively. The anaes
thetist must not only see, but actually OBSERVE and CORRECfLY INTERPRET all
relevant information.

HEARING
1. Moans of pain or distress.

2. Respiratory sounds.
a. The sound ofrespiration. If the respiration ofaperson at rest canbe heard, then respirat
0ry function is abnormal.
b. Respiratory stridor. This indicates severe airway obstruction ifpresent at rest.
c. listet;l for tachypnea.
d. listen for abnormal respiratory sounds, wheezing, rattling.
e. listen for coughing, and whether it is dry or productive.

SIGHT
1. Look at the general condition of the patient, sick or well, clean or filthy, well groomed
or not. A very sick person is unable to undertake his normal personal care.

2. Look for medicines by the bedside.

3. Look for cigarettes, or other tobacco products, and for nicotine staining of the fingers.

4. Look into the sputum mug and assess the contents.

5. Look for signs of dehydration.
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6. Look for cyanosis, jaundice, anaemia.

7. The behavior of the person being assessed, and how it is affected by disease.

SMELL
1. Smell for pus, urine, faeces, foetor hepaticum, uraemic breath.

2. The smell of ketones emanating from the patient may indicate dehydration or diabetic
ketoacidosis.

HISTORY
1. Dental status. Loose teeth, jackets, bridges, dentures etc.

2. Lung disease, with specific enquiry as to the presence ofbronchitis, emphysema, asthma,
or the presence of an upper or lower respiratory tract infection.

3. Heart disease, with specific enquiry of history of myocardial infarction, angina pectoris,
peripheral vascular disease, orthopnea and related nocturnal awakening, rheumatic fever
in childhood etc.

4. Specific enquiry should be made as to the exercise tolerance in order to assess the cardio
pulmonary reserve.Orthopnea indicates the presence of reasonably severe heart
failure. Can the patient walk up steps? Quantify this in terms of the number of stories able
to be climbed before apause is needed. Does the patientplaya sport, and ifso, how vigorous
a sport? Can he walk on level ground with or without a shopping bag etc. If the patient is
able to sustain a moderate level of physical activity, then cardiopulmonary reserve is more
than sufficient for most forms of surgery and anaesthesia.

5. Gastrointestinal function, mainly related to the presence of hiatus hernia, (patient may
regurgitate gastric contents easily), peptic ulceration (surgery may exacerbate, or
precipitate acute ulceration). When was the last time that the patient ingested solid food
or liquids?

6. History of diseases transmissible to anaesthetists and other patients, especially jaundice,
hepatitis-B, AIDS, etc.

7. Other major diseases.

8. What drugs does the patient take, and how often. These may be stopped or continued as
indicated by the nature of the drug(s), and the disease for which they are given. Has the
patient any drug allergies, or is he extraordinarily sensitive to any group of drugs?

9. History of previous anaesthesia, and of any anaesthesia related problems in blood rela
tives, and the patient himself.
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PHYSICAL EXAMINATION
This is required to clarify points raised by the history, to provide more information as

to the condition of the patient in conditions that are not symptomatic, or if the patient is
unduly reticent about his physical condition.

LABORATORY INVESTIGATIONS
These provide valuable supplementary information, sometimes may detect disorders

that cannot be detected clinically, in addition to providing a quantitative measure of the de
gree of any abnormality.
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Chapter 1.2

ASA - PHYSICAL STATUS CLASSIFICATION

The most useful clinical information the anaesthetist can gather about a patient
preoperatively is the preoperative physical functional level. That is, how much the diseases
that the patient may have affect the level of physical functioning. This whole idea is based
upon the simple premise that perioperative morbidity and mortality are increased in sick
patients.

The American Society of Anesthetists (ASA), classification of physical status is a
simple, albeit a rather subjective system of classification of patients according to their de
gree of physical disability. Because of the subjective element, different anaesthetists may
score a patient differently. But even so, perioperative morbidity and mortality are related
to the ASA class.

The condition for which the patient is to be operated must also taken into account in
cases where this has ageneral systemic effect. Otherwise ifthe patient is quite healthy apart
from the condition to be operated, e.g. a healthy man with an inguinal hernia, the surgical
condition has no bearing on the ASA classification.

ASA-Class
1. A normally healthy person.

2. Apersonwith mild systemic disease that does not limit normal physical activity,e.g. smok
ing, mild asthma.

3. A person with severe systemic disease that is not incapacitating, e.g. hypertension,
diabetes mellitus.

4. A person with incapacitating systemic disease that is a constant threat to life,e.g. severe
heart failure.

5. A moribund person not expected to survive longer than 24 hours, with or without an
operation being performed.

E. The addition of the suffix IIEII to the ASA-class indicates only that the operation is an
emergency one, and hence is associated with a higher morbidity and mortality than the
same operation would have ifperformed electively.
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It should be noted that a high ASA-class is no reason to refuse to administer anaes
thesia where agenuine surgical indication for operation is present, even if the ASA-class is
5E. If any given patient with a physical status ofASA class 5E severity has a better chance
of surviving after having undergone an operation, this is justification enough for perform
ing that operation, provided that patient, surgeon and anaesthetist are all aware of the som
ber prognosis, and have mutually agreed that this is the best course of action.

REFERENCES
1. Keats,A.S.(1978). The ASA Classification of Physical Status - A recapitulation. ANESTHESIOLOGY, 49,

233-236
2. Owens,W.D., et al.(1978). ASA Physical Status Classifications: A Study of Consistency Ratings. ANES

THESIOLOGY, 49, 239-243.
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Chapter 1.3

INDICATIONS FOR IMMEDIATE OPERATION

All patients should be in the best possible physical condition prior to surgery and
anaesthesia. Administration ofanaesthesia to patients who are hypoxaemic, hypovolaemic,
or have abnormal cardiovascular function only exacerbates these conditions or their effects.
Preoperative restoration ofnormovolaemia, improvement ofrespiratory function, or treat
ment of abnormal cardiovascular function results in reduced perioperative morbidity and
mortality. Accordingly, there are actually very few occasions where it is absolutely neces
sary that surgery be performed without delay.

The indication for immediate operation may be stated simply as being an operation
required to save the life or physical function of a patient from the effects of a disorder or
disease process which may very rapidly have a deleterious effect on either or both. Some of
the most common indications for immediate operation are listed below.

1. Severe uncontrollable haemorrhage.
Patients with severe haemorrhage, the cause of which is surgically correctable, will

require operation to treat the cause of the bleeding. However administration of general
anaesthesia, or epidural and spinal anaesthesia is not without risk in hypovolaemic patients
[see chapter 14.4]. For this reason it is desirable, ifpossible, to restore normovolaemia prior
to induction ofanaesthesia. Regrettably this is not always feasible, and so a careful differen
tiation should be made between the various types of haemorrhage, so that the feasibility of
preoperative restoration of normovolaemia may be assessed.

a. If the bleeding is slow, or if it can be controlled by either pressure or use of a tourniquet,
then the circulating blood volume can, and should be restored prior to administration of
anaesthesia. Subsequently any type of anaesthesia may be administered without incurring
any major problems due to administration of anaesthesia to a hypovolaemic patient.

b. Rapid bleeding from a ruptured liver, spleen, aorta or ectopic pregnancy obviously can
not be controlled by external pressure or a tourniquet, and immediate operation is required
to stop any further haemorrhage. Under these circumstances both anaesthetist and surgeon
must accept the less than ideal situation and treat the patient as efficiently as possible, as
the only way to save the patient is to operate.

2. Surgically correctable respiratory failure.
Surgically correctable respiratory failure is respiratory failure due to conditions such

as severe laryngeal trauma, laryngeal and epiglottic swelling or tumors, thoracic trauma with
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ruptured bronchi or trachea. Such conditions may require rapid treatment ifdeath is to be
prevented.

3. Surgically correctable heart failure.
Speedy surgical correction of heart failure may be required for conditions such as

rapid progression of existing valvular disease, valve prolapse subsequent to a myocardial
infarction, sudden artificial valve malfunction, acute coronary vessel damage such as due
to ruptured coronary vessels as a result ofpercutaneous coronary angioplasty, etc.

4. Foetal distress.
Rapid caesarean section may be required to save the life of a foetus, and to prevent

or minimize foetal brain damage, when manifestations of foetal hypoxia are detected.

5. Surgically correctable Increased Intracranial pressure.
Urgent cranial decompression may be required for conditions causing surrgically cor

rectable extreme elevation of the intracranial pressure, e.g. subdural haematoma, epidural
haematoma, haemorrhage into an intracerebral tumor, or acute hydrocephalus.

6. Threatened organ or 11mb function.
There is also a requirement for urgent surgery ifthere are limbs or organs whose func

tion will be unacceptably impaired if surgery is not rapidly performed.

This list of indications for immediate operation is at best only provisional. Common
sense must also be used in determining the rapidity with which any operation should be per
formed. A practical, albeit a rather blunt and simple guide, are the simple questions; "Will
the patient die, or suffer permanent and unacceptable functional damage if not operated
upon immediately? What consequences will a delay in order to first resuscitate the patient
have?" The answers to these simple questions determines the urgency of any operation.
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Part 2

CARDIOVASCULAR DISEASE AND ANAESTHESIA

The blood transports oxygen, the lungs oxygenate the blood, the heart pumps the
blood, and the blood vessels transport the blood to the tissues. These are the four vital links
in the supply of oxygen to the tissues of the body. Blood also transports other metabolic
substrates, and removes metabolic products. Should the cardiovascular system fail to supp
ly the tissues of the body with sufficient volumes of oxygen and blood per unit time, tissue
dysfunction will occur in the affected organs or the whole body. Proper functioning of the
cardiovascular system is therefore vital to normal physiological function. The supply of ade
quate amounts of oxygenated blood may be threatened by one or more factors.

1. A reduction of cardiac output reduces flow to some or all organs of the body [see chap
ter 2.8 on heart failure].

2. Blood pressure may be reduced to such a degree that the resistance to blood flow
presented by the vascular beds of some organs reduces the flow through those organs to
below that required to maintain normal tissue function [see chapter 2.7 on hypotension].

3. Both factors may occur simultaneously.

Aside from his primary task of providing anaesthesia so as to make surgery possible,
the other main tasks of the modem anaesthetist are to maintain adequate cardiovascular
function and oxygenation in the patients he manages. This section discusses the effects of
surgery and anaesthesia on cardiovascular function, and vice versa for a variety of common
cardiovascular disorders, along with the practical management of these disorders.

Normal values for clinically relevant haemodynamic parameters are listed in table
2.0.1.
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Table 2.0.1.
NORMAL VALUES AND DERIVATION OF HAEMODVNAMIC PARAMETERS

PARAMETER ABBRE- UNITS
VIATION

FORMULA NORMAL
RANGE

ARTERIAL
Heart rate HR beats/minute 60-90
Systolic Arterial Blood Pressure SABP mmHg 100-140
Diastolic Arterial Blood Pressure DABP mmHg 60-90

Mean Arterial Blood Pressure MABP mmHg
SABP + 2x DABP

70-105
3

Rate Pressure Product RPP HRxSABP 3600-13000

Systemic vascular resistance SVR
dynes.sec 80 x (MABP - CVP)

800-1500
IcmoS CO

PULMONARY CIRCULATION
Pulmonary artery systolic pressure PASP mmHg 15-30
Pulmonary artery diastolic pressure PADP mmHg 4-12
Mean pulmonary artery pressure MPAP mmHg 9-19
Pulmonary capillary wedge pressure PCWP mmHg 5-13

RIGHT HEART
Mean right atrial pressure MRAP mmHg 2-10
Central venous pressure CVP mmHg 2-10
Right ventricular systolic pressure RVSP mmHg 15-30
Right ventricular end diastolic pressure RVEDP mmHg 2-10

LEFT HEART
Mean left atrial pressure MLAP mmHg 5-15
Left ventricular systolic pressure LVSP mmHg 100-140
Left ventricular end diastolic pessure LVEDP mmHg 4-12

CARDIAC OUTPUT CO IImin 3-8

CARDIAC INDEX CI IImlnlm2 2.5-4.2

EJECTION FRACTION EF
Stroke Volume

0.55-0.78
End Diastolic Volume
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Chapter 2.1

CARDIOVASCULAR EFFECTS OF ANAESTHESIA & SURGERY

Surgery, trauma and anaesthesia may have aprofound effect on systemic haemodyna
mics. The selection of any anaesthetic technique and drugs should always be based on a
sound knowledge of the effects of these on cardiovascular function. This chapter contains
a number of tables listing the systemic haemodynamic effects of many of the anaesthetic
drugs and techniques in current use, as well as a short discussion on the cardiovascular ef
fects of trauma and surgery. The purpose of this chapter is to provide a guide with which
the relative advantages and disadvantages ofvarious alternative drugs and techniques may
be weighed against each other for the problems presented by administration of anaesthesia
for a surgical procedure performed on any given patient.

EFFECTS OF SURGERY AND TRAUMA
The effects ofsurgery and trauma are essentially caused by the problems listed below.

1. Increased sympathetic nervous activity.
Pain due to surgery and trauma increases sympathetic nervous activity as well as in

creasing the plasma concentrations of adrenaline and noradrenaline. The effect of all this
is to increase the blood pressure, heart rate and cardiac work, with all the possible effects
of this, [see hypertension, and angina pectoris etc].

2. Hypovolaemia.
Bleeding and sequestration ofplasma into traumatic oedema can be so extreme that

hypovolaemia with all its consequences may occur, [see hypotension, hypovolaemia and
other relevant chapters].

EFFECTS OF ANAESTHESIA
The effects of anaesthesia on cardiovascular function are due to a combination of

three factors.

1. The anaesthetic technique used.
2. The anaesthetic drugs.
3. The effects of any intravenous fluids administered.

Only factors 1 and 2 will be discussed in this chapter, as the effects of intravenous
fluids are discussed in part 14 on fluid balance and therapy.
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Table 2.1.1.
Effects of various anaesthetic techniques on systemic haemodynamics in
normovolaemic patients.

ANAESTHETIC TECHNIQUE
Cardiac
output

Systemic
vascular

resistance

Mean arterial
blood pressure

Local infiltration and 0 0 0
hemispinal anaesthesia

Low spinal and epidural
anaesthesia: O/t OU O/~

(lower than T4) [2]

High spinal anaesthesia:
(higher than T4) [1]

High epidural anaesthesia: t/~
(higher than T4) [2]

General anaesthesia:
spontaneous respiration O/~ t/~ OU

General anaesthesia:
IPPV with zero end OU 0 OU
expiratory pressure

General anaesthesia:
IPPV with positive end 0 O/~

expiratory pressure

General anaesthesia:
IPPV with negative end Oft 0 0
expiratory pressure

"t" = increased above preanaesthetic value.
"~" = decreased below preanaesthetic value.
"0" = no change from preanaesthetic value
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1. EFFECTS OF THE ANAESTHETIC TECHNIQUE.
Anaesthesia may be loco-regional, general, or a combination of both. Table 2.1.1

shows the relative effects of various loco-regional and general anaesthetic techniques on
systemic haemodynamics. It should be noted that this table is for normovolaemic healthy
patients.

2. EFFECTS OF ANAESTHETIC DRUGS.
The haemodynamic effects ofdrugs commonlyused for anaesthesia are listed in tables

below for human investigations using bolus intravenous injections. Changes of the various
haemodynamic parameters are given as a percentage change from control measurements
in normovolaemic healthy patients who were not undergoing surgery at the time of the
investigation. No levels of significance are given as these tables are intended to be used
purely for the purpose of showing the comparative effects of the drugs listed.

The cardiovascular effects ofthe drugs used in anaesthesia determine the ultimate ef
fects on systemic haemodynamics of any general anaesthetic technique. Anaesthetic drugs
exert an effect by anyone or more of the effects listed below.

• Central nervous system depression.
• Ganglionic blockade.
• Depression of the baroreflexes [see chapter 8.6].
• Depression of myocardial contractility.
• Depression of vascular smooth muscle contractility.
• Stimulation or depression of sympathetic nervous activity.
• The effect of anyone drug may be potentiated by another drug or drugs.

a. Induction agents.
The haemodynamic effects of the intravenous anaesthetic induction agents are listed

in table 2.1.2. As can be seen, many of these drugs, even ketamine, are direct myocardial
and vascular smooth muscle depressants. The vasodilation and myocardial depression
caused by these drugs activates the baroreflexes, which in turn increases sympathetic nerv
ous system activity to such a degree that cardiac output, SVR and blood pressure are
reasonably maintained, as occurs with etomidate and midazolam, or are actually increased
as with ketamine. Some of these drugs such as the barbiturates, and benzodiazepines
depress the baroreflexes to such a degree that they no longer function effectively. As a
consequence the use of drugs such as the barbiturates, and profolol is associated with sig
nificant depression of cardiovascular function. Baroreflexes are discussed more extensiv
ely in chapter 8.6.

Ketamine is a special case. The direct effect ofketamine on the myocardium and vas
cular smooth muscle is depression. But it causes such a degree of central nervous system
mediated sympathetic nervous activation that cardiac output, blood pressure, and heart rate
are increased above normal.

These drugs all have a much more pronounced effect upon systemic haemodynamics
in the elderly, who by virtue of the aging process have deficient baroreflex function [see
chapter 8.6], and altered drug kinetics [see chapter 15.2]. In addition to this, all these drugs,
even ketamine, can cause cardiovascular collapse in patients whose sympathetic nervous
activity is already maximal due to their disease process [15,16]. In the latter situation the
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sympathetic nervous system activity cannot be further increased, and as a consequence the
direct myocardial and vascular smooth muscle depressant effects of these drugs manifest
s. The same is also true for these drugs when used in any patient whose autonomic nervous
system activity is blocked or inhibited by either drugs or disease [see chapter 8.6].

Treatment of hypotension due to induction of anaesthesia may occasionally be re
quired when the level ofhypotension is such that myocardial or cerebral ischaemia are like
ly [see chapter 2.7 for threshold levels]. In situations where the patient is normovolaemic,
it is illogical to treat this transient drug induced cardiovascular depression with intraven
ous fluids to increase cardiac output and blood pressure by increasing the blood volume.
This may exacerbate heart failure in those with existing heart failure. A more logical form
of therapy is to administer a drug which temporarily increases myocardial contractility and
systemic vascular resistance, e.g. ephedrine administered at a dose of 5-10 mg to an adult
[see chapter 2.2]. Hypovolaemic patients who become hypotensive as a result of induction
of anaesthesia should of course be treated for hypovolaemia as well as hypotension.

Table 2.1.2.
Systemic haemodynamic effects ofanaesthetic induction agents.The table gives the
percentage change from control parameters measured in the same patients prior
to intravenous injection of these agents in patients with normal preoperative sys
temic haemodynamics. Drugs are listed in order of the magnitude of their effect
on arterial blood pressure.

DRUG Dose HR CO SVR MABP MC VSMC

KETAMINE [4,5,6,7] 2 t33 t29 0 t28 .j.

ALFENTANIL [3] 0.125 0 0 0 0

MIDAZOLAM [8,9] 0.25 0 .j.9 .j.13 .j.

ETOMIDATE [10,13] 0.45 t10 .j.6 .j.9 .j.10 .j.

METHOHEXITONE [12] 1-2 t30 t15 .j.28 .j.14

THIOPENTONE [8,10,11] 4 0 .j.13 .j.13 .j.18 .j.

PROFOLOL [14] 1.6 .j.9 .j.22 .j.17 .j.28

See appendix-C for abbreviations.
Dose = dose used in investigation in mglkg.
MC = myocardial contractility.
VSMC = vascular smooth muscle contractility.
"t" = increase; ".j." = decrease; "0" = no change.
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b. Anaesthetic gases.
In addition to inducing sleep, the anaesthetic gases also cause a degree of skeletal

muscle relaxation. They directly depress myocardial and vascular smooth muscle contrac
tility, and also have an analgesic action. Some of these drugs, e.g. cyclopropane and diethyl
ether, also stimulate the sympathetic nervous system, an action which accounts for the fact
that the blood pressure and cardiac output are so well maintained with these two drugs. In
the case ofdiethyl ether, the plasmanoradrenaline concentrationincreases indirect propor
tion to the concentration of diethyl ether administered [34]. The anaesthetic gases also
depress the efficacy of the baroreflex control of blood pressure. This latter effect is dis
cussed more fully in chapter 8.6.

The haemodynamic effects of some gases commonly used in anaesthetic practice are
listed in table 2.1.3. Hypotension due to the anaesthetic gases may be treated by discontinu
ing administration of the gas, or reducing the concentration administered.

Table 2.1.3.
Percentage changes of haemodynamic parameters relative to control values caused by
administration of anaesthetic gases under conditions of near constant PaC02. The gases
are listed in order of the magnitude of their effect on arterial blood pressure.

GAS % MAC HR CO SVR MABP MC VSMC

CYCLOPROPANE [21,22] 17.3 1.7 ~1 ~1 t32 t31 ~30

C02 [17,18] 6.3 ? t26 t32 ~14 t10 ~ ~

NITROUS OXIDE [19,20] 40 0.36 ~12 ~19 t25 ~5 0/+

DIETHYL ETHER [21,22] 3 1.4 t24 +2 t1 +2 +20

HALOTHANE [21.22] 1 1.2 t2 ~22 +8 +24 +39

ISOFLURANE [24,25] 1.2 1 t20 t1 +24 +27 ~40

ENFLURANE [22,23] 1.86 1 t20 +20 +18 +35 +50

See appendix-C for abbreviations.
% = gas concentration administered in %.
MAC = concentration relative to minimum alveolar concentration
MC = myocardial contractility.
VSMC = vascular smooth muscle contractility.
"t" = increase; "+" = decrease; "0" = no change
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c. Neuromuscular blocking agents.
The neuromuscular junction blocking drugs also have an effect on the cardiovascular

system. The magnitude of the systemic haemodynamic effects of these drugs varies, and
may be caused by anyone or more of the mechanisms listed below [26,33].

• Histamine release, e.g. d-tubocurarine.
• A degree of autonomic ganglion blockade, e.g. d-tubocurarine, fazadinium.
• Some stimulation of autonomic ganglia, e.g. suxamethonium.
• Stimulation of muscarinic receptors, e.g. suxamethonium.
• A vagolytic effect, e.g. gallamine, pancuronium.
• Sympathetic nervous system stimulation, e.g. gallamine, pancuronium.
• Cardiac preload and afterload reduction by virtue of reducing skeletal muscle

tone, especially in patients with muscle spasm, those who are shivering, or those
patients who are moving uncontrollably.

Table 2.1.4.
Haemodynamic effects ofadministration ofneuromuscular junctionblocking drugs
during anaesthesia.The changes are givenas percentage change from control values
measured prior to administration of the drug in the same investigation. Drugs are
listed in order of magnitude of effect on arterial blood pressure.

DRUG Dose HR CO SVR MABP HIST GANG

SUXAMETHONIUM [26.33,46] 1 t5 ? ? t16 t *

PANCURONIUM [26.28] 0.074 t12 t15 a t12 0 0

GALLAMINE [26,27] 1 t44 t26 i13 t7 t t

VECURONIUM [26,31] 0.28 0 t9 i12 i3 0 0

ATRACURIUM [26,32] 0.4 t3 t5 0 i5 tt 0

ALCURONIUM [26,30] 0.15 t9 t3 i4 i1

METOCURINE [29,33] 0.2 t6 0 i11 i11 ? t

d-TUBOCURARINE [26,28] 0.4 t6 i5 i29 i26 ttt tt

See appendix-C for abbreviations.
Dose = dose used in the investigation cited in mglkg.
HIST = histamine release.
GANG = autonomic ganglion blockade.
* = suxamethonium stimulates autonomic ganglia [33].
"t" = increase; "i" = decrease; "0" = no change.
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The final result of anyone or more of the effects listed above is an alteration of sys
temic haemodynarnics in patients to whom these drugs are administered [see table 2.1.4].
Extreme hypotension due to the administration ofthese drugs should be treated in the same
way as hypotension due to the anaesthetic induction agents [see above]. Drugs with a sig
nificant ganglion blocking effect such as tubocurarine are in fact frequently used to aid in
reduction of the arterial blood pressure during controlled hypotension.

Table 2.1.5.
Haemodynarnic effects ofopioid drugs are expressed as apercentage change from
control values prior to administration of the opiate under investigation. The
haemodynamic changes listed below are for situations where the opiates were ad
ministered with 100 %oxygen, or with oxygen enriched air, and no other drugs un
less otherwise indicated.

DRUG Dose HR CO SVR MABP HIST MC

PENTAZOCINE [37] 0.7 t12 t9 t11 t13 ? ?
[43] 0.6 t15 ? ? t10 ? ?
** [43] 0.6 ~20 ? ? ~20 ? ?

PETHIDINE [44] 1 t13 t11 ~8 t1 tt ~

** [45] 1 ~8 ~8 0 ~2 tt ~

MORPHINE [36] 10 ~6 t3 ~4 ~6 tt 0
[42] 1 ~9 0 0 ~8 tt ~

** [42] 1 ~18 ~34 t22 ~13 tt ~

ALFENTANIL [38] 0.125 0 ~10 ~5 ~8 0 ?
* [39] 0.12 ~14 ~25 ~4 ~27 0 ?

FENTANYL [38] 0.075 ~2 ~16 ~5 ~10 a ~

* [39] 0.03 ~23 ~26 ~7 ~31 a ~

SUFENTANIL [35,38] 0.015 a ~15 ~8 ~11 a ?

See appendix-C for abbreviations.
Dose = dose of drug used in investigation cited in mglkg.
HIST = histamine release.
MC = myocardial contractility.
* = drug administered simultaneously with an etomidate infusion at a rate of 8-
30 JJ.glkglmin.
** = drug administered Lv. simultaneously with ventilation with 60-75% N20 +
25-40% 02-
"t" = increase; "~" = decrease; "a" = no change.
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d. Opioid analgesic drugs.
Opioid analgesic drugs are seldomgiven alone during the perioperative period, usual

ly being employed either as part of a premedication, for intraoperative analgesia in com
bination with other drugs, for postoperative analgesia, or all of these purposes.

As with all the drugs already mentioned above, these drugs also do not have anyone
single action. Drugs such as morphine and pethidine induce histamine release, causing
vasodilation. Alfentanil and fentanyl have a pronounced muscarinic receptor stimulating
action which may cause either bradycardia, bronchospasm, or both in some patients.

Most opiates when administered to patients who receive no other sedative or anaes
thetic drugs, are relatively devoid of significant systemic haemodynamic effects [see table
2.1.5]. This is exploited by cardiothoracic anaesthetists who administer large doses of these
drugs together with 100% oxygen to provide anaesthesia for cardiac operations. However
some opiates are known to exert a direct myocardial depressant effect on myocardium in
vitro at plasmaconcentrations commonlyachieved when these drugs are used clinically [47].
This partly explains the pronounced cardiovascular depression observed when opiates are
administered simultaneously with other drugs also known to have myocardial depressant
effects [see table 2.1.5]. That is, the cardiovascular depression due to opiates is additive to,
or potentiates, cardiovascular depression due to other drugs which also have a cardio
vascular depressant effect. The magnitude of the final effect on systemic haemodynamics
is greater for such drug combinations than for each drug individually. In fact the degree of

Table 2.1.6.
Systemic haemodynamic effects of the muscarinic cholinergic recep
tor blocking drugs. Changes are expressed as a percentage change
from control measurements in the same patients.

DRUG Dose HR CO SVR MABP

ATROPINE [40] 0.1 l8 19 t10 0
0.6 t21 t20 l17 t3

SCOPOLAMINE [40] 0.09 l12 ~23 t23 0
0.55 t30 tiS ~14 t3

GLYCOPYRROLATE [41] 0.35 t7 ? ? ?
1.05 t28 ? ? ?

See appendix-C for abbreviations.
Dose = dose used in investigation cited, mgl70 kg.
"t" = increase; "~" = decrease; "0" = no change.
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depression may be so great in some patients that severe hypotension occurs. This should be
managed in the same way as hypotension due to the anaesthetic induction agents.

e. Anticholinergic drugs.
The systemic haemodynamic effects of the muscarinic cholinergic receptor blocking

agents are shown in table 2.1.6 and in chapter 2.2. It is noteworthy that very low dosages of
atropine and scopolamine cause a bradycardia and a reduction of the cardiac output, while
in higher dosages they have the reverse effects.

FACTORS MODIFYING DRUG EFFECTS
It must be emphasized that the above tables only contain data from studies performed

on healthy normovolaemic patients who were not undergoing surgery at the time of the in
vestigation. Their purpose is to give an idea of the magnitude and nature of the cardiovas
cular effects of each of each drug relative to other drugs used for the same purpose.

In normal clinical practice the cardiovascular effects of these drugs are modified by
various factors.

1. Surgery causes increased sympathetic nervous activity which tends to reverse the car
diovascular depression due to many drugs.

2. Hypovolaemia exacerbates the cardiovascular depression caused by many of these drugs
[see chapters 14.4 and 15.2].

3. Baroreflex deficiency also exacerbates the cardiovascular depressant effects of many of
these drugs [see chapter 8.6].

4. Cardiovascular diseases which limit any elevation of cardiac output, or actually reduce
the cardiac output, are exacerbated by drug induced cardiovascular depression.

5. Simultaneous administration of two or more drugs, each of which possesses myocardial
depressant activity, causes more profound cardiovascular depression than administra
tion of one drug alone. This is due to addition or potentiation of the cardiovascular
depressant effect of each drug, e.g. etomidate or nitrous oxide together with an opiate.

6. Cardiovascular depression is more likely after rapid intravenous injection than after slow
intravenous injection [see chapter 15.2].

SELECTION OF ANAESTHETIC DRUGS & TECHNIQUES
It is quite obvious that a patient with severe systemic disease should not be subjected

to anaesthetic techniques, or drugs which will exacerbate any existing cardiovascular dys
function. In most cases the logical choice is to select the technique and drugs which have
the least effect on the cardiovascular system. If this is done, the haemodynamic changes in
duced by anaesthesia are not usually too extreme. However, while this is generally true and
applicable, factors such as drug availability and the experience of the anaesthetist are also
important. Some drugs may simply not be available, and so recourse must be had to other
drugs which may not be ideal. In this latter situation the experience of the anaesthetist is
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important. An experienced anaesthetist who is fully aware ofthe properties of the drugs he
uses, is able to administer drugs which have myocardial depressant properties to patients
with minimal cardiovascular reserve without significantly exacerbating the existing
haemodynamic disorder.
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Chapter 2.2

VASOACTIVE AND CARDIOACTIVE DRUGS

The cardiovascular function ofa patient during the perioperative period is sometimes
so compromised that eithervasoactive or cardioactive drugs are required to restore ormain
tain acceptable haemodynamics. A large number of these drugs are available. Knowledge
of the effects of these drugs on the cardiovascular system is an absolute requirement for the
selection of the most appropriate drug, or drug combination.

An understanding of the effects of these drugs on cardiovascular function is facilitated
by considering the equations below.

MABP = CO x SVR (1)

MABP = HR x SV x SVR (2)

[See appendix-C for abbreviations].

These equations clearly show the differing mechanisms by which the vasoactive drugs
listed in table 2.2.1 exert the effects on systemic haemodynamics observed.

Example 1.
Sodium nitroprusside causes the blood pressure to fall, despite the fact that the car

diac output is increased, because the reduction of SVR that it causes is usually proport
ionally greater than the elevation of cardiac output.

Example 2.
Phenylephrine is a potent a-adrenoreceptor agonist, and elevates the arterial blood

pressure by causing arterial vasoconstriction. The elevation of the SVR and arterial blood
pressure that it induces, causes a baroreflex mediated reduction of the heart rate, which
reduces the cardiac output.

Such reasoning may be extended to the effects ofall vasoactive drugs on the cardiovas
cular system.
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Table 2.2.1.
Haemodynamic effects and dosage ranges of commonly available vasoactive and cardioac
tive drugs. [see appendix-B for kinetic parameters].

DRUG HR SVR CO MABP Bolus dose
(per 70kg)

Infusion
(/l-g/kg/mln)

References

Atropine tt ~ t O/t 0.25-{).5 mg 27
Calcium O/~ O/t O/t O/t 0.5-1.0 gm 1,2
Noradrenaline t t ~/t t 1-811-9 0.02-{).12 3.4,5.10
Adrenaline tt ~ t Ut 2-1611-9 0.03-{).5 6,7,10
Ephedrine t Ut t t 5-25 mg 14-140 8,9,10
Phenylephrine ~ tt ~ tt 0.05-0.75 mg 10
Methoxamine ~ tt ~ tt 2-10 mg 10,11
Metaraminol Ut tt O/~ tt O.65mg 10,11
Isoprenaline tt ~ t Ut 1-4/1-g 0.014-0.07 4,12
Dopamine t O/t t t 0.4mg 2-20 13,14,15
Dobutamlne O/t t/~ t t 1-2 mg 2-10 12,13
Glucagon t ~ t t 2-5mg 11
Digoxin O/~ 0 O/t 0 1-1.5 mg 16

Trlmetaphan ~ O/~ ~ ~ 2.5-5 mg 4O-SO 17
Hydralazine t ~ t O/~ 10-40 mg 18,19
Phenoxybenzamlne t ~ t ~ SO-l00 mg 20
Phentolamine t ~ t ~ 5-15 mg 10-40 21,22
Labetalol ~ ~ ? ~ 25·100 mg 3-16 23,24
Nitroglycerin t ~ t ~ SO 11-9 0.5-10 25,26
Sodium-nitroprusside t ~ t ~ SO 11-9 0.5-8* 17

See appendix-C for abbreviations.
"t" = increase. "t = decrease. "0" = no change.
• = maximum dosage permissable because of toxicity.

INDICATIONS FOR ADMINISTRATION OF VASOACTIVE DRUGS
1. Vasodilator drugs.
a. Controlled hypotension.

Vasodilator drugs such as sodium nitroprusside and nitroglycerin etc, may be used to
reduce the arterial blood pressure for any operation during which hypotension is required
for reduction of intraoperative bleeding.

The usual technique is to first administer a vasodilator drug alone. However many
patients develop a tachycardia due to activation of baroreflexes, and this may increase the
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cardiac output to such a degree that no hypotension occurs. In this latter situation, simul
taneous administration of a B-adrenergic blocking drug will prevent any elevation of heart
rate, and the desired level ofhypotensioncanbe inducedwith alowerdose ofthe vasodilator
drug.

b. Treatment ofhypertension.
Extreme hypertension may cause significant morbidity, [see chapter 2.6 on hyperten

sion].1f the level of hypertension, whether acute or chronic, is at a dangerous level, rapid
therapy with avasodilator drug is required. The efficacy ofthe vasodilator may be enhanced
by simultaneous administration of a B-adrenergic blocking drug. Likewise, the dose of any
vasodilator drug should be reduced when administered to persons concurrently receiving
B-adrenergic blocking drugs, [see chapter 2.7 on hypotension].

c. Treatment of angina pectoris.
Elevation of blood pressure, or of the SVR may induce angina pectoris in patients

with coronary vascular disease. Angina pectoris may be both relieved, or prevented by an
intravenous nitroglycerin bolus of 50 11g)70 kg, or an intravenous infusion of nitroglycerin
at a rate of more than 0.5 I1gtkg/min, [see chapter 2.9 on myocardial ischaemia].

d. Treatment of heart failure.
Vasodilator drugs may be used to reduce heart work, and increase cardiac output in

patients with cardiac failure. However, arterial blood pressure will be reduced in those
patients with severe heart failure, as cardiac output is unable to increase [see chapter 2.8
on heart failure].

2. Vasoconstrictor drugs.
a. Shock and hypotension.

The most common use of vasoconstrictor drugs in the past was for treatment of
hypotension of all sorts, regardless of etiology. But further elevation of the SVR in the
presence of an already increased SVR and reduced cardiac output, reduces the cardiac out
put even more, although the blood pressure is increased. The result ofsuch "therapy" is that
blood flow to nearly all organs of the body is reduced [29], with all the associated conse
quences of this. Accordingly the use ofvasoconstrictor drugs as a definitive therapy ofshock
or hypotension is not advisable in all situations.

However vasoconstrictor drugs do elevate myocardial [29] and cerebral [28,29] blood
flows during hypotension, regardless of whether hypotension is due to sepsis, drugs,
hypovolaemia, neurogenic, or cardiogenic causes. Hypotension may cause myocardial or
cerebral ischaemia, and ischaemic damage in these organs can occur within three minutes,
while a definitive form of therapy for the particular cause of a given hypotensive episode
may take longer than three minutes to start having any significant effect. This may be too
slow in some situations where cerebral or myocardial ischaemia are present, and so a
vasoconstrictor drug should be administered to elevate the blood pressure. Vasoconstric
tor drugs act within less than a minute to increase blood flow in heart and brain in this situa
tion. It is true that administration of a vasoconstrictor drug does reduce blood flow to most
other organs of the body, but it should be remembered that these organs can stand much
longer periods of hypoxia than can the heart or brain [see chapter 2.7]. Subsequent specific
therapy of the hypotensive episode will restore normal flow to these organs.
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In short, the conclusion of the above is that circulatory shock or hypotension severe
enough to cause manifestations ofmyocardial or cerebral ischaemia may initially be treated
with avasoconstrictor drug to increase myocardial and cerebralperfusion, and subsequently
the cause of the shock specifically treated. The situations in which it is advisable to ad
minister vasoconstrictor drugs to shocked patients are listed below.

• Shock due to any cause in which the level of hypotension is such that cerebral or
myocardial perfusion is threatened [see chapter 2.7 on hypotension, and ref. 28].

• Hypotension in patients with elevated intracranial pressure, [see chapters 8.3 and
8.4].

• Myocardial ischaemia due to hypotension [see chapter 2.9].
• Vasoconstrictor drugs are not required for any patient in circulatory shock whose

cerebral, myocardial perfusion is not immediately threatened. The cause of the
episode of hypotension should be treated. Excessive use ofvasoconstrictor drugs
in these patients may actually exacerbate shock induced renal dysfunction.

b. Hypotension due to anaesthesia in normovolaemic patients.
Hypotension is frequently caused by general, epidural and spinal anaesthesia. The

patients in these situations are often normovolaemic. Most anaesthetic drugs and anaes
thetic techniques cause hypotension by reduction of the heart rate, cardiac output, SVR, or
a combination of one or more of these factors, [see chapter 2.1]. Because of this, plus the
fact that the effects of these.techniques and drugs are only temporary, it is advisable to
manage hypotension with drugs, and not by increasing the blood volume. The reason for
the preference for drug therapy innormovolaemicpatients is threefold. One, avasoconstric
tor/inotropic drug has as transient an effect as the cause of the systemic haemodynamic dis
order due to anaesthesia. Two, drug therapy specifically increases the cardiac contractility,
output and SVR, whereas increasing the blood volume only increases cardiac output
without affecting myocardial contractility or the SVR. Thirdly, once the temporary anaesth
esia caused systemic vasodilation has spontaneously returned to normal, the increased
blood volume due to plasma volume expansion can precipitate heart failure in those with
existing heart failure, or a tendency to heart failure.

Some examples of the use of such drug therapy are listed below.

• Hypotension due to bradycardia (heart rate < 50 beats/min). Administer
atropine.

• Hypotension due to regional or general anaesthesia should be treated with a drug
that is a combined vasoconstrictor and inotropic agent. Ephedrine is ideal for this
purpose. If elevation of the heart rate due to any such drug is thought to be
deleterious, e.g. patient has NYHA class-IV angina pectoris, a drug such as
methoxamine, or phenylephrine is better. They do not increase the heart rate
significantly.

• Hypotension occurring during epidural or general anaesthesia in obstetric prac
tice should be treated with ephedrine, until the cause has been treated. Hypoten
sion increases the chances of foetal hypoxia, while ephedrine itself has no
deleterious effects on the foetus.
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3. Inotropic drugs.
The use of inotropic drugs is indicated in patients with a low cardiac output, or those

in whom a reduction of cardiac output is thought to be the cause of any hypotension. The
choice of inotropic drug depends on the SVR and the cause of the cardiac output reduc
tion.

ADMINISTRATION OF CARDIOACTIVE & VASOACTIVE DRUGS
When administering any of these drugs intravenously a few common sense principles

must always be applied.

1. Monitoring.
Regularly and frequently monitor pulse rate, bloodpressure andEeGwhenever these

drugs are administered, until haemodynamic stability has returned. There are various
reasons for this.

a. Some drugs may cause cardiac arrhythmias.

b. The dose of the drug may not be sufficient for the effect desired, and an incremental
dosage may be required.

c. Too high a dose of the drug(s) may have been administered and corrective measures may
be required.

2. Initial dosage.
Once a drug has been administered, it cannot be removed from the body if the wrong

drug, or too high a dosage was given. In addition, some patients may be very sensitive to the
cardiovascular effects of these drugs. For these reasons it is always advisable that the initial
bolus or infusion dosage of any of these drugs be at the lower end of the suggested dosage
range. More drug can always be administered if the initial dose proves insufficient for the
purpose for which it was required.
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Chapter 2.3

CLINICAL ASSESSMENT OF CARDIOVASCULAR DISEASE

Preoperative clinical investigation is ofprimary importance in assessing the fitness for
anaesthesia of any patient with cardiovascular disease. It provides an idea of the maximum
degree of physiological stress able to be endured, and as such provides information as to
whether any patient is likely to be able to endure anaesthesia and surgery without develop
ing unacceptable complications. Laboratory investigations provide confirmationofany dys
function, diagnosis of asymptomatic disorders, diagnosis of disorders incapable of clinical
diagnosis, in addition to providing a quantitative measure of any disorder.

The specific problems associated with various cardiovascular diseases are discussed
in the relevant chapters. Basic principles of cardiovascular assessment are set out below.

HISTORY
1.History of specific diseases.
a. Hypertension.
b. Myocardial infarction.
c. Angina pectoris.
d. Rheumatic fever as a child.
e. Arrhythmias, and their type.
f. Valvular disease.

2. Symptoms experienced by the patient.
a. Palpitations.

These may be a manifestation of an arrhythmia.

b. Shortness ofbreath.
This may be due to primary lung disease, pulmonary oedema, or low cardiac output.

c. Orthopnea.
This is shortness of breath occurring in the supine position. It is due to pulmonary

congestion occurring as a result ofredistribution ofblood from the peripheral vessels to the
pulmonary vessels. This exacerbates the elevation ofpulmonary closing capacity normally
caused by the supine p sition. An elevation of closing capacity may cause significant hypox
aemia with shortness Jfbreath. It is a manifestation ofpulmonary congestion, and does not
occur if the left ventricle functions normally. A person who cannot lie flat because of or
thopnea is unlikely to tolerate any surgical procedure in the supine position under regional
anaesthesia.
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d. Sleep disturbance due to shortness of breath.
Pulmonary congestion can cause orthopnea and may progress to frank pulmonary

oedema with bronchoconstriction, Le. cardiac asthma. This causes the patient to awaken. It
is a manifestation of left ventricular failure.

e. Swelling of ankles.
When does it occur? Ankle swelling occurring at the end of the day after the person

has stood most of the day is more typical of gravitational venous congestion. Patients with
right heart failure may also develop ankle oedema. This ankle oedema is also more
pronounced towards the end ofthe day, but typically ankle oedema due to right heart failure
never disappears overnight, which is not the case were it exclusively due to gravitational
venous congestion.

f. Pain in the chest· Angina pectoris.
When is this experienced by the patient? How frequently? What are the manifesta

tions? What relieves it? What precipitates it?
Inquiries should be made about other forms ofchestpain too. What are their manifes

tations?

3. Functional history.
The most important part of the history is the functional level of the patient. It has

direct bearing on the forms of anaesthesia possible. In general it may be stated that a per
son whose heart disease permits him to have a reasonable exercise tolerance has a good
chance of surviving anaesthesia and surgery.

a. What is the exercise tolerance of the patient? Is the condition of the patient such that he
can playa sport,and if so what sport? Can he ride a bicycle? Can he climb steps? Ifso, how
many levels can he climb before his disease forces him to stop? If the person cannot climb
steps, can he walk upon level ground, and how far? Can he go shopping for food, and in
general care for himself? Or is the person so incapacitated by his disease that he is house
or chair bound? Ofprimary importance is to ask what the symptom is that causes the limit
ation of exercise tolerance, angina pectoris, shortness of breath, etc.

b. What body positions are tolerated? Can the person lie flat? If not, why not? Does the
patient have orthopnea, paroxysmal nocturnal dyspnea, etc? If a person cannot lie flat, or
has any of the other conditions, they are unlikely to tolerate the supine or prone positions
ifthe planned operation is to beperformed under regional anaesthesia. Suchpersons should
receive general anaesthesia for the procedure planned.

4. Medication.
What medication does the patient take? Ifnecessary these drugs should be continued

in the perioperative period.

5. Other concurrent diseases.
Specific enquiry should be made as to the existence of other concurrent diseases such

as diabetes mellitus, hypertension, autoimmune diseases etc. These may also influence the
anaesthetic management.
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PHYSICAL EXAMINATION
This is the normal clinical examination of the patient. Valvular and hypertensive car

diovascular diseases do not usually become symptomatic until late in their course. Clinical
physical examination reveals these disorders, in addition to providing additional informa
tion about the clinical condition of the patient.

LABORATORY TESTS AND INVESTIGATIONS
Electrocardiogram, chest X-Ray, electrolyte, haematological investigations are all re

quired to clarify aspects of the clinical picture, confirm a diagnosis, or detect as yet un
detected cardiovascular disorders. These investigations may be supplemented with more
extensive cardiac physiological tests, e.g. ejection fraction, angiography, echocardiography,
etc.

NOTE:
The results of clinical and laboratory investigations must be interpreted with a good

measure of common sense. In general it may be stated that a person with cardiovascular
disease who has a "reasonable" exercise tolerance, i.e., is able to climb steps, cycle etc, is
usually able to undergo anaesthesia for most surgical procedures without developing life
threatening complications.
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NYHA CLASSIFICATION OF CARDIAC FUNCTIONAL DISABILITY

This is a classification system based upon functional disability due to heart disease
devised by the New York Heart Association (NYHA). It does not specifywhat type ofheart
disease the patient has, and accordingly can be used to grade the severity of all forms of
heart disease.

NYHA·CLASS

I. A patient with asymptomatic heart disease.
The patient is free ofany cardiac symptoms during normal activity, butmayexperience

symptoms during sport, or protracted heavy work.

II. The patient Is symptom free at rest, but has symptoms while carrying out
moderate physical exertion.

The patient develops cardiac symptoms after climbing steps for more than three
stories, cycling against the wind, or mowing the lawn with a hand mower.

III. The patient Is symptom free at rest, but has symptoms during even minor
physical exertion.

The patient develops symptoms after climbing steps for only one story, while shop
ping, or even walking along level ground for more than a given distance.

IV. The patient has cardiac symptoms at rest.

This functional classification, simple as it is, does have prognostic significance, and
correlates reasonably well with perioperative morbidity and mortality for patients with
heart disease [1].

REFERENCES
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357-370.
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Chapter 2.5

CARDIAC OPERATIVE RISK INDEX SCORE

This is a risk scoring system devised by LS.Goldman et al [1,2] for patients with car
diac disease who are to undergo surgery.

Table 2.5.1.
CARDIAC OPERATIVE RISK SCORE (CRIS • SCORE)

CRITERIA

HISTORY
- Age > 70 years
- Myocardial Infarction 6 months

PHYSICAL EXAMINATION
- Aortic stenosis
- S3 gallop, heart failure, raised JVP

ELECTROCARDIOGRAM
- Rhythm other than sinus rhythm
- > 5 premature ventricular contractions

(PVC's) per minute

GENERAL STATUS
- Pa02 < 60 mmHg (8 kPa)
• PaC02 > 50 mmHg (6.7 kPa)
- Serum [K+j < 3 mmolll
- Serum Urea > 8.4 mmolll
- Serum creatinine > 265 j.Lmolll
- Bedridden

TYPE OF OPERATION
- Emergency
- Intrathoracic
- IntraperltoneaJ
- Aortic surgery

POINTS

5
10

3
11

7

7

3
3
3
3
3
3

4
3
3
3
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The score for a patient is derived by adding the score for each factor present to arrive
at a total score. This total score is related to the chance of developing perioperative car
diovascular complications [see table 2.5.2].

Table 2.5.2.
Frequency of severe perioperative cardiac complications related
to the preoperative eRIS score in one series [1].

CRIS LIFE THREATENING CARDIAC DEATH
SCORE COMPLICATIONS

0-5 0.7% 0.2%
6-12 5% 2%
13-25 11% 2%
26+ 22% 5SO~

It is obvious that those patients with a eRIS score greater than or equal to 26 should
never be considered for elective surgery.

This scoring system is somewhat more detailed than the NYHA functional classifica
tion [see chapter 2.4], but whether it has any more prognostic value is debatable. Survival
and morbidity due to surgery and anaesthesia are also dependent on variables which are
not scored, such as the skill of the anaesthetist, and surgeon, as well as the quality of pos
toperative therapy. However it does provide a more accurate insight into what constitutes
a high risk patient than does the NYHA classification system.

REFERENCES
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Chapter 2.6

HYPERTENSION

Arterial hypertension is defined as a systolic arterial blood pressure (SABP) > = 160
mmHg and/or a diastolic arterial blood pressure (DABP) > = 95 mmHg measured
repeatedly at rest [1]. The presence ofhypertension in the perioperative period is associated
with a variety of problems which can cause considerable perioperative morbidity if not
recognized and prepared for.

PROBLEMS DUE TO PERIOPERATIVE HYPERTENSION
1. Hypertensive reactions.
a. Haemorrhagic complications.

Spontaneous haemorrhages may occur as a result of rupture ofweakened or aneurys
matic blood vessels during any sudden increase ofblood pressure, e.g. rupturing of existing
aortic or intracerebral aneurysms, cerebral haemorrhage etc [8, 5 - page 1932].

b. Myocardial ischaemia/infarction.
Myocardial ischaemia or infarction may occur if the arterial blood pressure increases

excessively. Elevation of the blood pressure increases myocardial oxygen consumption be
cause of the increased heart work it causes [see chapter 2.9 on myocardial ischaemia].
Patients with a prior history of myocardial infarction have twice the chance of having a
perioperative myocardial infarction if they have preoperative hypertension [7]. Those
patients with both preoperative hypertension and angina pectoris, as well as a history of
previous myocardial infarction, have a chance ofperioperative myocardial infarction which
approaches 23% [2, and see table 2.9.1].

c. Exaggerated responses to vasoconstrictor drugs.
The arterial blood pressure ofchronically hypertensive patients increases to a greater

degree than in non-hypertensive persons when they are administered a given dose of a
vasoconstrictor drug such as phenylephrine etc [18].

2. Hypotensive reactions.
a. Deficient baroretlexes.

Hypertensive patients commonly have deficient baroreflex responses, and so may
develop profound hypotension as a result of anaesthesia induced vasodilation and myocar
dial depression [18, chapter 8.6]. This effect is even more pronounced in patients who also
ingest antihypertensive, and in particular, sympathetic nervous system blocking drugs
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[1]. All drugs blocking the action of the sympathetic nervous system reduce the barorecep
tor reflex response to vasodilation, hypotension, etc [see chapter 8.6].

b. Deficient organ blood flow autoregulation.
Atherosclerosis and arteriolosclerosis due to chronic hypertension reduces the ef

ficiency ofblood flow autoregulation in organs such as the brain, kidneys, and heart. Blood
flow becomes more pressure dependent, being more directly related to the mean arterial
blood pressure (MABP). Hypotension readily causes tissue ischaemia in organswhere such
changes have occurred [see chapter 2.7]. An example of this is observed in patients with
NYHA classes ill-IV coronary vascular disease. Hypotension due to induction of anaes
thesia may produce ECG evidence of myocardial ischaemia in these patients, even when
the MABP has fallen only as little as 6% of the pre-anaesthetic level [13].

3. Effects of antihypertensive medication [3].
a. Sudden withdrawal of antihypertensive medication.

The arterial blood pressure may rise to extreme levels after sudden discontinuation
ofsome antihypertensive drugs. This is called "rebound hypertension". Clonidine is the best
known example of an antihypertensive drug exhibiting this phenomenon, "rebound hyper
tension" sometimes occurring only 6-8 hours after sudden discontinuation of regular
clonidine ingestion [4].

Regular administration of B-adrenergic blocking drugs elevates the number of B
adrenergic receptors present on the affected end organs [15]. The increased numbers of B
adrenoreceptors remain present for a number of days after sudden B-blocker drug with
drawal, increasing the sensitivity of these end organs to sympathetic nervous stimulation,
and exogenously administered catecholamines. This causes manifestations of exaggerated
sympathetic tone and reactivity, an effectwhich is maximum between 2to 10 days after sud
den B-blocker drug withdrawal [14,16,17]. Sudden withdrawal of B-blocker drugs mayex
acerbate myocardial ischaemia in patients with severe coronary vascular disease who
regularly ingest these drugs, and can even precipitate lethal myocardial infarction in a
significant number of such patients [14]. If B-blocking drugs are abruptly discontinued
longer than 10-48 hours preoperatively, exaggerated sympathetic cardiovascular responses
such as tachycardia and hypertension may occur, as well as an increased frequency of
ventricular arrhythmias in response to endotracheal intubation, surgery, postoperative and
physiological stress in general [16,17].

b. Sympathetic blockade.
Many of the drugs used for the treatment of hypertension have a-and B-adreno

receptor blocking activity. Bradycardia, and other signs ofparasympatheticover-activity are
not uncommon in patients using drugs blocking sympathetic nervous system function [1,3].

c. Antihypertensive-anaesthetic drug interactions.
Interactions between antihypertensive medication and anaesthetic drugs may occur

[3]. Some of the dugs used for treatment of hypertension are sedative, e.g. clonidine, and
may potentiate any hypnotic or sedative drugs. Antihypertensive drugs also affect
baroreflexes, an effect already discussed [see also chapter 8.6].
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d. Hypokalaemia.
Patients receiving antihypertensive drug therapy may also be receiving a diuretic drug,

usually a thiazide. Chronic ingestion of thiazide diuretic drugs without potassium supple
ments almost invariably causes hypokalaemia, with all the consequences of this [see chap
ter 12.3].

4. Neurological problems.
Hypertensive cerebral haemorrhages occur with increasing frequency when the

arterial blood pressure rises above 170/90 mmHg [5-page 1932]. This is not the only
problem. Blood-brain barrier integrity is impaired when the MABP rises above the upper
limit of cerebral circulatory autoregulation because of loss of the arteriolar constrictor
response [10,11,12]. Arteriolar constriction in response to increased arterial blood pressure
limits the pressure in the cerebral capillaries. Elevation of cerebral capillary pressures
above normal increases the amount of water diffusing out of the capillaries into the inter
stitium of the brain, and so increases the cerebral interstitial volume [see chapter 14.1 on
transcapillary fluid exchange]. If the cerebral capillary blood pressure rises too high, actual
damage to the capillary endothelium occurs, and so plasma then flows unhindered into the
interstitium to cause interstitial oedema, or to exacerbate exisiting oedema [10,11]. These
two effects are likely to be the cause of hypertensive encephalopathy.

The cerebral blood flow is autoregulated in normal persons, and in normotensive
treated hypertensive persons up to an MABP of 130-150 mmHg. Chronic untreated hyper
tension causes the autoregulation range to be shifted upwards, and in this group of persons
cerebral blood flow may be autoregulated up to an MABP of 145-175 mmHg [6,9,10].

MANAGEMENT OF HYPERTENSION
1. Chronic hypertension.

This has been the subject of many reviews, and is well covered in the standard medi
cal texts.

2. Perioperative hypertension.
Perioperative hypertension should be treated when;

• the blood pressure exceeds one or more ofthe following, systolic > = 200 mmHg,
mean > = 150 mmHg, and diastolic > = 120 mmHg,

• the patient has evidence of myocardial ischaemia,
• the patient has evidence ofdisturbed neurological function caused by hypertensi

on.

a. Preoperative and intraoperative hypertension.
During operation the patient may become hypovolaemic, or his cardiovascular sys

tem may be depressed by anaesthetic drugs. Because of the rapidity with which systemic
haemodynamic function may change in the perioperative period, hypertension occurring
preoperatively or intraoperatively should ideally be controlled with short acting drugs.
There are various methods of doing this.

• If the patient is under anaesthesia, deepen the level of anaesthesia This is usual
ly more than adequate.
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• Administer a vasodilator drug by intravenous infusion. Table 2.2.1 lists a number
of vasodilator drugs and their dosages.

• Sometimes administration of a vasodilator drug by itself has little effect because
of baroreflexes. These may elevate the cardiac output to such a degree that the
vasodilator drug does not decrease the blood pressure at all. In such cases admini
ster aB-adrenoreceptor blocking drug ifit is obvious that the vasodilator has min
imal effect. The dosages of a number of these are listed in table 3.2.1.

b. Postoperative hypertension.
Arterial blood pressure may be very labile postoperatively. This is due to a combina

tion of one or more factors.

• Residual preoperative sedation.
• Residual effects of anaesthetic drugs or techniques.
• Postoperative analgesic drugs.
• Perioperative fluid and blood loss.
• Postoperative pain.
• Postoperative hypercarbia due to opiates, or restriction of respiration by pain.

If postoperative hypertension is not due to pain or respiratory depression, then an
tihypertensive therapy should be commenced. Patients receiving antihypertensive drugs
preoperatively should receive these drugs postoperatively too. However these drugs should
only be administered if the patient is in a stable haemodynamic situation, i.e. is not bleed
ing significantly or is losing large quantities of extracellular fluid. IT the patient is unable to
ingest drugs orally, the drugs should be administered parenterally. Administer the same an
tihypertensive drug as is used normally by the patient, only give it intramuscularly. Because
the degree of initial hepatic extraction is less after intramuscular or intravenous administra
tion, the initial dose should only be half that normally administered orally. Increase the dose
as indicated by the response to therapy.

If the patient does not normally take any antihypertensive therapy, and the cause of
the hypertension is neither pain nor hypercapnia, manage as for preoperative and in
traoperative hypertension.

Table 2.6.1.
Maximum permlssable preoperative arterial blood pressure

SYSTOLIC ARTERIAL BLOOD PRESSURE = 200 mmHg

+/-

MEAN ARTERIAL BLOOD PRESSURE

+/-

DIASTOLIC ARTERIAL BLOOD PRESSURE = 120 mmHg
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MAXIMUM PERMISSABLE PREOPERATIVE BLOOD PRESSURE
Measure the arterial blood pressure repeatedly with the patient at rest. This will

provide a more accurate idea ofits true value, as most persons are initially anxious in hospi
tal. The level ofhypertension at which elective surgical procedures should be delayed until
hypertension has been properly treated has always been subject to wide, and sometimes
rather arbitrary decision making.

The opinion ofthe author is that the maximum acceptable preoperative arterial blood
pressure limits prior to elective surgery should be set at the levels given in table 2.6.1. The
reasoning behind the choice of these levels is simple. If the DABP is > =120 mmHg,
exaggerated responses to anaesthetic and surgical manipulations occur, e.g. large increases
of blood pressure, myocardial ischaemia etc [1]. If the MABP is greater than 150 mmHg,
or the SABP is > = 200 mmHg, the chance ofhypertensive encephalopathy and ofcerebral
haemorrhage are increased.

But while the above are useful thresholds for persons with no cardiac or cerebrovas
cular disease, they are not acceptable for persons with such disorders. Persons who have
had a myocardial infarction less than one year prior to the date of planned elective surgery,
have a left ventricular strain pattern on the ECG, have heart failure, angina pectoris, a his
tory of transient cerebral ischaemic attacks (TIA's), or cerebrovascular accidents, should
not be permitted to undergo elective surgeryuntil their hypertension has been treated, even
if it satisfies the criteria in table 2.6.1. This is because a hypertensive episode occurring in
the perioperative period may exacerbate these problems, e.g. causing acute heart failure,
myocardial ischaemia, rupture of cerbral aneurysms etc [8]. Such persons should have their
hypertension treated for aperiod ofofat least two weeks preoperatively, and not be treated
on the day before operation. The effects ofblood pressure reduction may then be observed
without any of the alterations of physiology due to surgery and anaesthesia being present.

NOTE: Preoperative hypertension in persons with known carotid artery stenosis
should not be treated, as hypertension may be necessary to force enough blood through the
stenotic carotid vessels to maintain cerebral blood flow at an acceptable level.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Cancel any elective operation if the blood pressure exceeds the limits given above.

2. If a person is discovered to have uncontrolled hypertension prior to emergency surgery,
then this should be managed as is any other form of perioperative hypertension.

3. Hypokalaemia may be present due to therapy with diuretic drugs. This should be cor
rected prior to any elective operation [see chapter 12.3 for therapy of hypokalaemia].

4. Never stop any antihypertensive therapy suddenly before operation. "Rebound hyperten
sion" together with acute cardiovascular problems may occur. Administer the normal morn
ing dosages of the antihypertensive drugs on the morning of operation, with the exception
of diuretic drugs. Acute bladder distension is an undesirable complication of the use of
diuretic drugs in situations where the patient is unable to urinate easily.

5. Adequate preoperative sedation is required to pevent exacerbation of hypertension.
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Anaesthesia.
1. Adequate analgesia is required with all anaesthetic techniques so as to prevent hyperten
sion due to pain. Otherwise no recommendations can be made as to a preferred anaesthetic
technique [1,3]. Extremes of hypotension and hypertension should be avoided.

2. Laryngoscopy is a stimulus that can cause large increases of arterial blood pressure.
Elevation of the blood pressure in response to laryngoscopy has been reported to cause
myocardial ischaemia, acute heart failure, and even rupture of intracerebral aneurysms [8].
The pressor response to laryngoscopy may be blunted or reduced by deep anaesthesia
during laryngoscopy, topical anaesthesia of the larynx and trachea, intravenous fentanyl 5
10 I1-glkg five minutes prior to laryngoscopy, or intravenous administration of a B-blocker
[1].

Postoperative.
Postoperative management of hypertension has already been discussed.
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Chapter 2.7

HYPOTENSION

Hypotension in the perioperative period may be either accidental or induced. Exces
sively low levels of hypotension can reduce organ perfusion to such a degree that organ
function or viability are reduced or threatened. The purpose of this chapter is to examine
the effects ofhypotension on a number ofvital organ systems, and the practical consequen
ces for the anaesthetist.

CAUSES
Hypotension may be the result of anyone or more of a number of causes. Usually the

causes of hypotension are listed according to aetiology as below.

1. Neurogenic
• spinal cord transection.
• spinal or epidural anaesthesia.
• administration of large doses of ganglion, or a- as well as B-adrenergic receptor

blocking drugs.
• extremely deep anaesthesia, or overdosages ofcentral nervous system depressant

drugs.

2. Cardlogenlc
• heart failure.
• deep anaesthesia, e.g. halothane and most other anaesthetic gases directly depress

cardiac output.
• abnormal rhythm, e.g. extreme tachycardias, rapid atrial fibrillation etc.

3. Hypovolaemlc
• dehydration.
• plasma loss from burns, or during operation.
• haemorrhage.
• administration of drugs causing direct vascular smooth muscle relaxation and

vasodilation, e.g. sodium nitroprusside, nitroglycerin, hydralazine etc.

PHYSIOLOGY
The function ofblood is to supply metabolic substrates and to remove metabolicwas

tes as well as products of metabolism required elsewhere in the body. Tissue blood flow is
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determined by a number offactors, such as the vascular resistance of any specific tissue and
its relationship to the SVR, as well as the cardiac output and the mean arterial blood pres
sure. The relationships between these factors may be derived as below.

Bloodflow through anorgan is determined bythevascular resistance (Ro) ofthe organ
under consideration, and the difference between the mean arterial bloodpressure (MABP)
and the mean venous blood pressure (MVBP).

MABP-MVBP
Organ blood flow = (1)

Ro

The above relationship may be expressed in terms of the cardiac output (CO). Con
sider the systemic vascular resistance (SVR) as being composed of two resistances in paral
lel. These are the resistance of the organ under consideration (Ro) and the vascular resis
tance of the rest of the body (Rx). In that case,

1 Rx-SVR
- - (2)
Ro RxxSVR

The relationships below follow from substitution of equation 2 into equation 1.

Organ blood flow = (MABP _MVBP) x _R_x_-S_V_R_ = CO x Rx- SVR
SVRx Rx Rx

After rearrangement of (2) and substitution into the equation above this simplifies
to;

MABP - MVBP SVR
Organ blood flow = = CO x-- (3)

Ro Ro

These equations do provide a useful conceptual framework with which to approach
the subject of hypotension, but regrettably do not tell the whole story. It is necessary to ex
pand on this by discussing the factors that determine tissue blood flow in greater detail
below.

1. AutoregUlation.
The blood flow through many organs is autoregulated within a given perfusion pres

sure, or MABP range. That is, the blood flow through such an organ is constant regardless
ofblood pressure, provided that the perfusion pressure or MABP is within the autoregula
tion range. Organ perfusion is directly proportional to the blood pressure if this is above or
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FIGURE 2.7.1. • The autoregulation curves of brain, heart and kidneys are shown. All these
three organs have a blood flow which is relatively independent of the perfusion pressure in the
pressure range 50-150 mmHg. PERFUSION PRESSURE = MEAN ARTERIAL BLOOD
PRESSURE - MEAN VENOUS BLOOD PRESSURE. If the venous pressure is low or normal,
perfusion pressure is approximately equal to the mean arterial blood pressure. Above or below
the autoregulation pressure range the blood flow is pressure dependent. Under circumstances of
maximal vasodilation, autoregulation no longer occurs, and blood flow is pressure dependent. At
a given pressure, the difference between the flow possible for that pressure under circumstances
of maximal vasodilation, and that occurring during normal autoregulation is called the flow
reserve.
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below the autoregulation range. Autoregulation ofblood flow occurs in the brain, kidneys,
and heart, the autoregulation range of these organs being an MABP range of50-150 mmHg.

Autoregulation does not occur under conditions of maximum organ vasodilation, or
when the arteries ofthat organ areso sclerotic thatvasoconstrictionor dilationcannotoccur.
Under these circumstances organ blood flow is directly related to the MABP or perfusion
pressure. The relationship is then as shown in equation 1.

Figure 2.7.1 shows the pressure flow curves for autoregulation and vasodilation for
the kidney, brain and heart.

2. Effect of tissue pressure.
Capillaries, and all other blood vessels too for that matter, act as "Starling" resistors.

That is, they are collapsible tubes held open because the pressure within them is greater
than the pressure exerted on them by the tissues in which they are situated. If the blood
pressure within the vessels of an organ is less than the tissue pressure, the vessels collapse,
and blood flow through that organ ceases. The resistance to blood flow is inversely propor
tional to the intravascular pressures, as blood vessel lumen diameter is directly proportion
al to the capillary pressure. It is obvious that for intravascular pressures marginally above
the tissue pressure of agiven organ, that the resistance to blood flow will be high, and blood
flow will be minimal. A consequence ofthis is that tissue hypoxia begins to occur at avenous
blood pressure somewhat greater than the tissue pressure of that organ. The tissue and
capillary closing pressures ofvarious organs are listed in table 2.7.1.

Table 2.7.1.
Tissue pressures and capillary closing pressures of various organs.

Cerebrospinal fluid or intracranial pressure = 5-13 mmHg

Renal intracapsular pressure = 10-18 mmHg

Coronary blood flow stops at MABP = 7-12 mmHg

The relationship between organ blood flow, the venous blood pressure (Pv), tissue
pressure (Pt), and the arteriovenous pressure difference is shown in equation 4. (N.B.
Venous pressure is used as it is always lower than arterial or capillary pressures, and so
veins are the first vessels to be closed by tissue pressure during extreme hypotension.)

MABP-MVBP
Organ blood flow = x (Pv - Pt) .....(4)

K

K =a complexvascular resistance related constantwhich for didactic purposes may be con
sidered to be unvarying.
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3. Cardiac output.
If the relative magnitudes of the vascular resistances of the various organs and tissues

of the body remains constant, blood flow through any organ is directly proportional to the
cardiac output, as long as the MABP is greater than the tissue pressure [see equation 3]. In
deed organ blood flow under such circumstances may be adequate despite profound
hypotension. This is well demonstrated in humans by the fact that sodium nitroprusside in
duced hypotension down to blood pressures of 40/20 mmHg for periods of to 70 minutes
or more does not cause organ damage in young healthy humans [8]. A feature of sodium
nitroprusside induced hypotension is that the cardiac output is maintained or actually in
creased by baroreflexes as the SVR is decreased.

The situation is different for hypotension due to factors which reduce the cardiac out
put, e.g. hypovolaemia, myocardial depressant drugs, etc. As the cardiac output decreases,
selective vasoconstriction increases the proportion of the cardiac output going to the brain
and coronary circulation, and reduces perfusion of all other organs [see table 2.8.1]. If the
cardiac output declines still further, coronary and cerebral perfusion are reduced too.

4. Arterial blood pressure.
Regrettably, cardiac output is not always able to be measured, and so the onlymeasure

of the adequacy of the perfusion of any organ is the arterial blood pressure, in addition to
any clinical manifestations of organ ischaemia such as urine production, myocardial is
chaemia, level of consciousness etc. All that is certain is that the blood flow through any
particular organ is directly related to the MABP and inversely related to the vascular resis
tance of that organ. And this is where the problem lies, as the vascular resistance ofany par
ticular organ during a hypotensive episode depends on the cause of the hypotension. This
means that when the blood pressure is the only parameter of the adequacy of tissue per
fusion, that management is also dictated by the cause of the hypotensive episode. This is
well demonstrated by animal experimental work on the cerebral effects ofinduced hypoten
sion. Hypotension induced by haemorrhage is associated with a lower cardiac output than
hypotension induced by drugs such as trimetaphan or sodium nitroprusside, and because of
this cerebral ischaemia occurs at a higher MABP during haemorrhagic, than drug induced
hypotension [9,10,11].

The conclusions from the above are obvious. Hypotension due to factors which reduce
cardiac output is more likely to cause organ ischaemia at any given level of blood pressure,
and as such should be more aggressivesly treated, and treated at a higher blood pressure,
than hypotension due to factors which do not reduce cardiac output.

EFFECTS OF HYPOTENSION ON VARIOUS ORGANS
Organ dysfunction occurs once perfusion of any given organ is reduced below a min

imum required for normal function. If the blood pressure is reduced still further, a point is
reached at which organ perfusion is so low that hypoxic damage occurs, and in extreme
cases, organ death. Different organs vary in their tolerance of hypotension, and this is dis
cussed below. Further discussion of the pathophysiology ofshock states is beyond the scope
of this book.

1. Brain.
The brain is an organ whose function is critically dependent on an adequate supply of

oxygen. Human investigation ofcerebral circulatory arrest produced with apneumatic neck
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tourniquet have shown that the average person becomes unconscious by 6-7 seconds after
sudden cessation of cerebral blood flow [1]. Clinical experience with patients experiencing
circulatory arrest due to ventricular asystole or fibrillation have confirmed this experim
ental finding, and has further shown that more than three minutes of circulatory arrest
results in permanent brain damage.

Much investigation has been performed on the effects of differing cerebral blood
flows on brain function. The normal cerebral blood flow is about 45-55 mls/100 gm brain
tissue/min. Investigations using conscious persons aged between 30-93 years, with and
without resting arterial hypertension, subjected to induced hypotension with a hexa
methonium infusion have shown that clinical manifestations of cerebral hypoxia, such as
sighing, yawning, staring, confusion and inability to carry out simple commands, began to
manifest when the cerebral blood flow (CBF) falls below 31.5 ml/100 gm/min [5]. Mea
surement of cerebral blood flows in patients undergoing carotid artery surgery have shown
that the electroencephalogram (EEG) remains normal until the CBF drops below 18-22
mIs/100 gm/min. Slowing of the EEG occurs at a CBF of 16-20 mIs/100 gm/min, while flat
tening of the EEG signal, indicative of severe cerebral ischaemia occurs at a CBF between
11-19 mIs/100 gms/min [6]. Regrettably, CBF measurement is not easily performed in most
clinical settings, and the only indications that most clinicians have of the adequacy of the
CBF are the level of consciousness and arterial blood pressure. Arterial blood pressure
measurement is easily performed in all clinical circumstances and does have some relation
ship to the CBF.

The CBF is autoregulated, being constant in the MABP range of 50-130 mmHg in
patients with normal cardiovascular function [2,3]. Above and below these autoregulation
limits the cerebral blood flow is directly proportional to the MABP. These autoregulation
limits are changed by disease, the upper limit of the autoregulation range being increased
by chronic hypertension up to 145-175 mmHg [4]. Anaesthesia with anaesthetic gases, e.g
halothane etc, decreases the degree of autoregulation by causing cerebral vascular dilation,
so making cerebral blood flow more pressure dependent [3].

Because of individual variation of cerebrovascular autoregulation limits, the blood
pressure at which cerebral hypoxia occurs varies from one person to another. From the data
of Finnerty et al [5], it is possible to relate the MABP at which symptoms of cerebral is
chaemia occurred, to the resting MABP measured prior to an episode of acute induced
hypotension in conscious volunteers. The subjects used by Finnerty et al [5], had mean
arterial blood pressures at rest which varied from 55-203 mmHg, and ages ranging from 30
93 years. Because subjects with hypertension had a greater cerebrovascular resistance than
those who were normotensive, it is not surprising that they developed cerebral ischaemic
symptoms at a higher blood pressure than normotensive subjects [see equation 1]. No per
son in this investigation [5], developed cerebral ischaemiawhen their blood pressure during
induced hypotension was greater than that given by equation 5 [see also figure 2.7.2].

MABP(no cerebral Ischaemia) > 20 + MABP(restlng) .....(5)
2

MABP(no cerebral ischaemia) = MABP above which no person developed cerebral is
chaemia in the investigation of Finnerty et al [5].
MABP(resting) = MABP at rest prior to induced hypotension.
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Clinical investigation has confirmed this to some degree, in that the chance of brain
damage as a result of induced hypotension during anaesthesia is increased when the sys
tolic blood pressure is less than 80 mmHg [7]. Hypotension in man appears to be better
tolerated during general anaesthesia [8], as anaesthesia depresses cerebral oxygen require
ments [3]. Investigations performed on a group of patients undergoing carotid artery
surgery under halothane-nitrous oxide-opiate anaesthesia, showed that the EEG was nor
mal when the internal carotid artery stump pressure was above 36-55 mmHg [6]. When the
internal carotid artery stump pressure was in the range 29-46 mmHg, slowing of the EEG
was observed, and when it was in the range 15-36 mmHg, flattening of the EEG, indicative
of cerebral ischaemia was observed [6, table 2.7.2]. It may be concluded from these inves
tigations that the cerebral blood flow in normovolaemic humans is so reduced at a MABP
of 15-36 mmHg that actual cerebral ischaemia will occur. This agrees well with what is
predicted by equation4, that is that ifthe mean arterial bloodpressure is less than 13 mmHg,
cerebral blood flow can be expected to cease, as the intracranial pressure is then certainly
equal to, or greater than cerebral venous pressure.

The effect ofhypotension on the brainvaries according to the etiology ofthe hypoten
sion too. Animal experiments have shown that a given level of hypotension induced by
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FIGURE 2.7.2. - The mean arterial blood pressure (MABP) at which signs of cerebral is
chaemia occurred during induced hypotension in 37 awake subjects, (whose ages varied between
30-93 years), is related to their normal resting MABP [5]. The line shows the MABP above which
none of the subjects developed signs of cerebral ischaemia The equation of the line giving the
"safe MABP" is also shown.
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Table 2.7.2.
Relation of the CBF and cerebral function to the MABP during hypotension
in man [5,6].

Mean arterial
blood pressure

(mmHg)

Cerebral blood Clinical manifestations
flow

(mls/100 gm/min)

Normal 45-55 Normal CBF and oxygenation

20 + «Resting MABP)/2) 31 Threshold of clinical cerebral
ischaemia. Sighing, yawning,
staring, confusion, and
inability to carry out simple
commands.

36-55

<29-46

< 15-36

18-22

< 16-20

< 11-19

Reduced level of consciousness.
Normal EEG.

Slowing of EEG frequencies
due to cerebral ischaemia.

Flat EEG, Le. no cerebral
electrical activity.
Irreversible cerebral hypoxic
damage occurs if blood flow
remains at this level.

haemorrhage results in cerebral oxygenation being reduced to a greater degree than an
equivalent level of hypotension induced either by ganglion blockade or sodium nitro
prusside [9,10,11]. This is presumably due to the reduction of cardiac output caused by
haemorrhage, while pharmacologically induced hypotension usually elevates the cardiac
output [9,10,11]. The chance that a given degree of hypotension will cause cerebral is
chaemia is therefore increased by low cardiac output and hypovolaemia.

2. Heart.
Blood flow through the coronary arteries is also subject to autoregulation.The MABP

range in which autoregulation occurs in dogs is 70-130 mmHg [12]. Coronary blood flow is
pressure dependent below an MABP of 70 mmHg, and coronary blood flow ceases in dogs
when the MABP falls below 23 mmHg [12]. However, the canine coronary circulation dif
fers from the human, and it is thought that the zero flow pressure in humans is nearer 7-12
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FIGURE 2.73.• The MABP during induced hypotension is related to the normal resting
MABP in the same patient, and to the occurrence or non-occurrence of ECG changes during
hypotension. There is no relationship evident, except that an extremely low MABP may cause
ECG changes. The data are derived hom Simpson,P., et aI., (1976), Anaesthesia, 31, 1172- 1178
: Rollason,W.N. & Hough,J.M., (1960), BritJAnaesth., 32, 276-285 : Eckenhoff,J.E., et aI.,
(1963), JAppl. Physiol., 18, 1130-1138.

mmHg [26]. During conditions of maximum vasodilation, e.g. due to drugs or hypoxia,
autoregulation no longer occurs and coronary flow is dependent purely on the coronaryper
fusion pressure [12,13].

Hypotension may induce electrocardiographic (ECG) changes. Studies of patients
with no known preoperative heart disease in whom deep hypotension was induced with a
variety of techniques, have shown that 64% develop an increased or decreased T-wave
height, while 13% develop ST-segment depression or elevation in lead V5 of the ECG
[8,14]. In one series the authors found that ECG changes were more common when the sys
tolic blood pressure had fallen below 60 mmHg [14]. There is no evident relationship be
tween the preoperative resting MABP and the occurrence ofECG changes during intraop
erative hypotension [see figure 2.7.3]. The significance of these ECG changes in patients
with normal hearts is uncertain, as none of the ECG changes observed in the series reported
above were permanent [13,14]. ECG changes observed may have been induced by avariety
of mechanisms, actual myocardial ischaemia, or changes in intramyocardial electrical
conduction due to emptying of heart chambers secondary to hypotension.
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Patients with coronary vascular disease are not so tolerant of hypotension. Because
of the varying degrees of coronary artery stenosis that they have, the reduction of blood
pressure necessary to induce myocardial ischaemia is highly variable. Studies on patients
with angina pectoris of NHYA functional classes I-ill have shown that myocardial is
chaemia may occur with a blood pressure reduction of as small as 6% [16], or as large as
56% [15] of the normal preoperative resting blood pressure. The development of myocar
dial ischaemia due to hypotension has not been found to correlate with the rate pressure
product, but does correlate well with the systolic arterial blood pressure, the MABP, central
venous pressure, and the pulmonary capillary wedge pressure [16].

3. Kidney.
Renal blood flow is autoregulated in the MABP range 60-150 mmHg. Hypotension

whether induced, or due to haemorrhage reduces the renal blood flow [17,18], the urine
output [18,19], and the creatinine clearance [20,21].

The minimum MABP able to be endured by human kidneys without permanent renal
dysfunction occurring is not precisely known. It may be assumed that renal capillary blood
flow ceases when the mean arterial pressure falls below the renal intracapsular pressure,
i.e. below 18 mmHg. Urine production should theoretically cease when the mean arterial
blood pressure falls below 40-50 mmHg, as glomerular filtration only occurs when the
glomerular capillary pressure exceeds the renal intracapsular pressure plus the plasma col
loid osmoticpressure. Indeed clinical experiencewith humans has shown that urine produc
tion ceaSes when the MABP falls below 40-50 mmHg [see chapter 9.2]. Transplanted kid
neys from dogs subjected to haemorrhagic hypotension at a level of50 mmHg for one hour
prior to nephrectomy, do not function in the recipient dogs [22]. This is a finding which ac
cords with human clinical experience in which prolonged severe hypovolaemic hypotension
has been found to cause renal insufficiency.

Urine production in humans usually ceases when the cardiac index drops below 1.8
Vminlm2 [see chapter 9.2]. Human kidneys beigin to develop cellularchanges due to hypoxic
damage after 30-45 minutes of warm circulatory arrest, and these changes are irreversible
if circulatory arrest is prolonged beyond this time [27]. Indeed it has been found that human
kidneys can rapidly recover normal function after transplantation even if they have under
gone a period of 30 minutes warm circulatory arrest [23].

Cardiac output is one of the main determinants of renal viability during hypotension.
Prolonged haemorrhagic or hypovolaemic hypotension in humans and animals often causes
acute renal failure [22]. Buthuman investigationhas shown that profound sodiumnitroprus
side induced hypotension down to an arterial blood pressure of 40/20 mmHg for periods
of up to 70 minutes, does not cause renal failure or cerebral damage. Again the difference
here is that cardiac output is increased or maintained at normal levels by sodium nitroprus
side infusion, while the cardiac output always is reduced by hypovolaemia or haemorrhage.

From the above it may be concluded that renal insufficiency is likely when a period
ofhypovolaemic hypotensionwith a mean arterial blood pressure lower than50 mmHglasts
for longer than one hour, or aperiod ofwarm circulatory arrest lasts longer than 30 minutes.

4. LIver.
liver blood flow is not autoregulated and is directly proportional to the arterial blood

pressure. Hepatic damage, specifically due to hypotension has never been reported [24].
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Table 2.7.3.
Effects of varying levels of hypotension on cerebral, renal and myocardial
function. [Data derived from this chapter].

BRAIN - Increased chance of cerebral ischaemia.
when the MABP is < 20 + ((resting MABP)/2).

- Cerebral ischaemia/damage as manifested by
absent EEG activity when the MABP < 15-36 mmHg.

- Cerebral blood flow ceases when MABP < 13 mmHg.

HEART - Increased chance of ECG changes when the
SABP < 60 mmHg.

- Myocardial ischaemia occurs when the MABP
drops 6-65% below resting values in patients
with coronary vascular disease.

- Coronary blood flow ceases when the MABP
<7-12 mmHg.

KIDNEYS - Urine output ceases when MABP < 40-50 mmHg,
or when cardiac index is < 1.8 l/m2/min.

- Renal blood flow ceases when MABP < 18 mmHg.
- Renal failure after MABP < 50 mmHg for 1 hour.
- Warm ischaemia > 30 minutes causes renal

damage in direct proportion to duration of
the ischaemic period.

5. Decubltous ulceration/necrosis.
A reduction of the MABP reduces capillary pressure. Less externally applied pres

sure is then required to reduce the tissue blood flow at any pressure point to such a degree
that ischaemic necrosis occurs. This manifests as decubitous ulceration of the skin and sub
cutaneous tissues at pressure points. Necrosis of other tissues may also occur, especially of
tissues subjected to retraction during operations performed under hypotension. This is
particularly relevant to cerebral tissue when the brain is retracted during intracranial opera
tions performed under induced hypotension.

CONTROLLED HYPOTENSION DURING ANAESTHESIA
Indications for controlled hypotension.

The indication for induction of hypotension during anaesthesia is to reduce operat
ive blood loss. Blood loss during operation is dependent to some degree on blood flow to
a region, but appears to be principally dependent on the arterial blood pressure [25]. Opera
tions for which controlled hypotension is usually necessary are;
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1. In the past, hypotension was used to facilitate dissection and clipping of cerebral
aneurysms. But a major problem with prolonged intracranial surgery under hypotension is
that necrosis may occur in those regions ofbrain onwhich pressure is exerted by the retrac
tors used to facilitate access to the brain. In present day neurosurgical practice, hypoten
sion is really usually only required if the aneurysm is bleeding during the operation.

2. Middle ear microsurgical procedures.

3. Operations on vascular tumors, e.g. haemangiomas.

Minimum level of controlled hypotension.
The brain is the organ most sensitive to the effects ofhypotension. Arterial bloodpres

sure should never be permitted to drop below the level given by the equation derived from
the work of Finnerty et al [5, and see discussion above].

Minimum permissable MABP = 20 + Resting MABP ...(6)
2

If the blood pressure is lower than these minimal levels, then reversal of hypotension
is essential to prevent possible brain damage.

It is true that the criterion above is for conscious persons, but no difference should be
made between awake and anaesthetized patients. This is because the degree of metabolic
depression due to general, or any form of anaesthesia is very variable, differing consider
ably from one form of anaesthesia to another, and one patient to another. For this reason
it is always better to be cautious and manage all hypotensive patients using blood pressure
and flow criteria for conscious persons.

Techniques for induction of hypotension.
1. Haemorrhage.

An old technique is to remove a significant proportion of the blood volume, so induc
ing what is actually haemorrhagic shock. This is obviously quite undesirable.

2. Spinal or epidural anaesthesia.
Both spinal and epidural anaesthesia reduce the arterial blood pressure. The degree

of hypotension is directly related to the height of the analgesia. Regrettably the effects of
both forms of anaesthesia are long lasting, i.e. one or more hours. In addition to this, the
level of hypotension is not readily controlled.

3. Deep general anaesthesia.
Deep general anaesthesia also induces hypotension. A combination of anaesthetic

drugs that is particularly effective for both maintenance of anaesthesia and induction of
hypotension is halothane and d-tubocurarine [see chapter 2.1]. One disadvantage of induc
tion of hypotension using such a drug combination is that the cardiac output is reduced as
well as the blood pressure.
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4. Vasodilator drugs.
Intermittent intravenous injection or infusion of short acting vasodilator drugs are

very effective methods of induction ofhypotension. The advantages of such drugs are their
short duration ofaction. If the level ofhypotension is excessive, discontinuation of the drug
causes the blood pressure to return to safe levels very rapidly. In addition the level of
hypotension that may be induced is able to be reasonably precisely controlled. Another ad
vantage of these drugs is that they usually increase the cardiac output. Dosages and infusion
rates for a variety ofvasodilator drugs are listed in table 2.2.1.

Sometimes administration of a vasodilator drug alone does not reduce the arterial
blood pressure. This usually occurs inyounger patients, and is due to a baroreflex mediated
elevation of heart rate and cardiac output, which eliminates the effect that reduction of the
SVR has on the arterial blood pressure. Concurrent administration of a B-adrenoreceptor
blocking drug blocks the baroreflex mediated increase of heart rate, potentiating the
hypotensive effects ofthe vasodilator drugs. Dosages ofavarietyofB-adrenoreceptorblock
ing drugs are listed in table 3.2.1.

MANAGEMENT OF UNDESIRED HYPOTENSION
1. Indications for treatment.

The principal indications for treatment of hypotension are listed below [see
''vasoconstrictor drugs" in chapter 2.2 for further discussion].

• hypotension due to disease,
• excessively low levels of controlled hypotension,
• unintentional hypotension,
• any of the above combined with manifestations of myocardial or cerebral is

chaemia.

Excessive hypotension should always be aggressively treated, especially when the de
gree of hypotension is below any of the critical levels given in table 2.7.3.

2. Treatment.
An acceptable arterial blood pressure must be restored as rapidly as possible so as to

minimize the chance of organ damage. Therapy is based upon the cause ofhypotension, al
though in situations where the level of hypotension is life threatening, the most rapid form
of therapy should be administered regardless of etiology, [see chapter 2.2 and also below].

a. Drug and anaesthesia induced hypotension.
Discontinuation of drug administration and waiting are all that are required for

hypotension due to short acting drugs, e.g. nitroglycerin, sodium nitroprusside. If the drug
causing hypotension has a somewhat longer duration of action, and the level of hypoten
sion is such that therapy is required, then therapy should be instituted immediately.

• Drugs whose main action is vasodilation should have their effect reversed with a
vasoconstrictor drug, e.g. ephedrine, methoxamine, phenylephrine, etc [see table
2.2.1].
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• Drugs causing myocardial depression as well as vasodilation, should be an
tagonized with a drug, or drug combination which elevates the cardiac output as
well as elevating the SVR, e.g. dopamine, ephedrine, etc [see chapter 2.2].

• Some drugs causing hypotension block a- or B-adrenoreceptors, or both. The ef
fects of many inotropic and vasoconstrictor drugs is then reduced, or even non
existent. In such a situation, the plasma volume should be increased with fluids
such as plasma, albumin, dextran, or gelatine solutions. These cause the greatest
elevation ofplasma volume for the leastvolume offluid infused. The effect ofthis
is to increase the filling pressures of the heart, and the cardiac output increases
along with the blood pressure. One disadvantage ofusing intravenous fluids to in
crease the blood volume, is that once the effects of the hypotensive drug are gone,
the degree ofhypervolaemia may be such that pulmonary oedema or heart failure
occurs [also see chapter 2.2].

b. Neurogenic hypotension.
This is usually due to vasodilation, sometimes paired with a reduction of cardiac out-

put.

• Ifthe cause ofhypotension is ofshort duration, e.g. spinal or epidural anaesthesia,
or drug overdosage, a vasoconstrictor drug is all that is required.

• Hypotension due to neurological damage lasts longer. Therapy consists ofplasma
volume expansion, and as required, a inotropic/vasoconstrictor drug, e.g.
dopamine.

c. Cardiogenic hypotension.
The cause of hypotension is a reduction of cardiac output. Management consists of

elevation of the cardiac output with an inotropic drug.

d. Hypovolaemic hypotension.
The cause is a blood volume which is too low for baroreceptor mediated vaso

constriction and tachycardia to maintain cardiac output and blood pressure. Infusion of
either plasma volume expanding fluids or blood corrects this situation.

Rapidity of effect of therapy for hypotension.
A further consideration when considering therapy, is the rapidity with which the

various therapeutic modalities exert their effect. If the level ofhypotension is life threaten
ing, therapy that acts within seconds is required, regardless of the etiology of the hypoten
sion. Any therapy that acts within minutes may be too slow to prevent brain damage or
death. In situations where the level of hypotension is not so potentially damaging, more
time may be taken to correct hypotension.

Vasoconstrictor and inotropic drugs act In less than one minute.

Intravenous infusion of fluids takes minutes to act.
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ANAESTHETIC MANAGEMENT OF HYPOTENSIVE PATIENTS
Preoperative.
1. No hypotensive patient should be allowed to undergo elective surgery and anaes
thesia. Hypotension should always be corrected prior to induction of anaesthesia.

2. No sedative, hypnotic or opiate premedication should be given. These may exacerbate
the existing haemodynamic abnormality. The same also applies to the anticholinergic drugs.
Tachycardia and reduction ofthe SVR may have a deleterious effect onsystemic haemodyn
amics.

Anaesthesia.
1. Local infiltration or hemispinal anaesthesia are the best choices ofanaesthesia. Systemic
haemodynamic alterations are minimal with these techniques [see chapter 2.1].
2. Epidural and spinal anaesthesia are contraindicated in all hypotensive patients because
they will profoundly exacerbate existing hypotension.

3. Should general anaesthesia be required, care must be taken to select drugs and techni
ques which minimally affect systemic haemodynamics. This is may be done using the tables
in chapter 2.1. Ventilation should be controlled so that the already increased alveolar
arterial P02 difference is not exacerbated by alveolar hypoventilation due to general anaes
thesia.

4. Monitoring should at least consist of regular measurement ofarterial blood pressure and
pulse rate. Urine output should be measured as this is a reasonable, ifsomewhat gross guide
to the degree ofvascular filling and the cardiac output. ECG monitoring is required to detect
both cardiac arrhythmias as well as myocardial ischaemia. The ideal ECG lead configura
tion is the CBS configuration. Severely ill patients require more invasive forms of monitor
ing to accurately guide any therapy, e.g. central venous pressure, or pulmonary artery pres
sure monitoring, with or without cardiac output measurement.

Postoperative.
All hypotensive patients should be aggressively monitored and treated in an intensive

care unit until haemodynamic stability has returned, and the requirement for any
haemodynamic support therapy is no longer present.
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Chapter 2.8

HEART FAILURE

Heart failure, just as its name implies, is failure of the heart to perform its normal
function. The output ofeither the left, right, or both sides ofthe heart is reduced below nor
mal. This has major consequences for systemic cardiovascular function in the perioperative
period.

PHYSIOLOGY AND MANIFESTATIONS OF HEART FAILURE
The basic problem with all forms of heart failure is a reduced cardiac output because

of inability to pump all the blood returned to the heart. An important change induced by a
lowered cardiac output is a change in the distribution ofthe cardiac output [see table 2.8.1],
and this has significant consequences for electrolyte and fluid exchange as well as drug ef
fects and elimination.

Table 2.8.1.
Change in the percentage regional distribution of the cardiac output in
heart failure [15].

ORGAN Normal cardiac output
(% of cardiac output)

Splanchnic region 24
Skeletal muscle 21
Kidneys 19
Brain 13
S~n 9
Heart 4
Other 10

Heart failure
(% of cardiac output)

27
27
12
17
1.7

10
6.3
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The left, right, or both sides of the heart may fail. The manifestations of both forms
offailure on the systemic circulationare similar, [see chapter3.1 for amore detailed descrip
tion of the clinical manifestations of a reduced cardiac output].

1. Left ventricular failure
a. Reduced cardiac output.
b. Increased sympathetic nervous system activity due to activation of baroreflexes. This

elevates the systemic vascular resistance and the heart rate.
c. Increased pulmonary vascular pressures causing pulmonary congestion or oedema.
d. Reduced renal and hepatic blood flows, in addition to reduced blood flow to other or

gans.

2. Right ventricular failure
a. Reduced systemic cardiac output due to reduced right heart output. The consequences

ofthis are the same as for left heart failure. However ifonlypure right ventricular failure
exists, pulmonary congestion and oedema do not occur.

b. Increased venous pressure as a result of inability to pump all venous blood returned to
the heart.

c. Peripheral oedema, e.g. ankle and sacral oedema, secondary to chronic elevation of sys
temic venous pressure.

d. Engorgement of the liver with clinical hepatomegally due to elevation of venous pres
sure.

PROBLEMS IN THE PERIOPERATIVE PERIOD
1. Abnormal baroreflex responses.

The sympathetic nervous system activity of patients with chronic heart failure is
chronically elevated, with as a result the SVR is greatly increased [18,19]. Elevated sym
pathetic nervous system activity causes the 24 hour urinary excretion of noradrenaline to
be increased in direct proportion to the severity of the heart failure, and is in fact directly
related to the NYHA class [18]. Further elevation of sympathetic nervous system activity
by surgery or trauma increases the SVR even more, and may exacerbate existing heart
failure if the failing heart is unable to maintain output in the face of an even higher SVR.

Myocardial noradrenaline concentration is much decreased in patients with chronic
heart failure, and so sympathetic stimulation has a minimal effect on heart rate because of
reduced sympathetic nerve terminal catecholamine content. The end result of reduced
myocardial responsiveness to sympathetic stimulation is that baroreflexfunction inpatients
with heart failure is deficient [18]. This manifests as a more profound degree of hypoten
sion as a result ofmost anaesthetic procedures [see also chapter 8.6]. Another consequence
of reduced myocardial noradrenaline concentration is that myocardial responsiveness to
exogenously administered catecholamines is enhanced because of increased numbers of
postsynaptic adrenergic receptors [18].

2. Reduced tolerance to fluid loads.
The output ofthe failing heart is does not increase to the same degree as that ofa nor

mal heart in response to a given fluid load, i.e. in response to a given elevation of right and
left end-diastolic pressures [15]. Because of this even minor degrees ofcirculatory overfill
ing may precipitate or exacerbate heart failure in patients with poor myocardial function.
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3. Anaesthetic drug exacerbation of heart failure.
Many drugs used for anaesthesia have a negative inotropic effect [see chapter 2.1].

Normal or excessive dosages of these drugs may exacerbate heart failure byfurther decreas
ing the cardiac output. This is especially likely if they are administered under circumstances
where the SVR is increased by pain, or if the patient is hypervolaemic.

4. Altered drug kinetics.
The primary problemin cardiac failure is areductionofthe cardiac output. This results

in lower hepatic and renal blood flows [15, and table 2.8.1]. Areduction ofhepatic and renal
blood flows decreases the clearance of those drugs eliminated by these two organs, and
prolongs their elimination half lives [14].

Another problem is caused by the interstitial oedema occurring in inadequately
treated patients. This increases the distribution volume of highly water soluble drugs, e.g.
dobutamine [12].

Table 2.8.2.
Percentage frequency of perioperative exacerba
tion of heart failure related to the preoperative
presence of heart failure, its type and severity [1].

Severity or
type of failure

% with postoperative
worsening of failure

NYHA-I 5
NYHA-II 7
NYHA - III 18
NYHA -IV 31
Jugular venous distension 35
53 gallop 47
History of pulmonary oedema 32
Left heart failure 26

5. Altered anaesthetic drug effects.
The dosage of thiopentone required for induction of sleep is directly proportional to

the cardiac output [16]. Patients with cardiac failure may be expected to require a lower
dosage than patients with a normal cardiac output, and indeed this is observed clinically
[17]. The same may be expected for any other intravenously injected hypnotic drugs, and
indeed this is also observed by most anaesthetists.
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These effects may also be readily predicted from the altered distribution ofblood flow
occurring inpatients with heart failure. The increasedproportion ofthe cardiac output flow
ing into the coronary and cerebral circulations means that more drug is delivered per unit
time to these two organs, and because the cardiac output is reduced, they are also
redistributed more slowly away from these organs too. This means that central nervous sys
tem effects and myocardial depression occur at a lower dosage ofany given drug in patients
with cardiac failure, and that the duration of these effects is prolonged.

6. Increased perloperative morbidity.
Because of the above factors, patients with heart failure, especially the more severe

degrees of failure, are at considerable risk of developing perioperative cardiogenic pul
monary oedema, and other manifestations ofworsening of failure [1, see table 2.8.2]

Ischaemic heart disease is a common cause of heart failure, and some patients have a
history ofprevious myocardial infarction. Such patients have an increased risk of develop
ing a perioperative myocardial infarction [see table 2.8.3].

Table 2.8.3.
Percentage frequency of perioperative myocardial rein
farction in the presence of coexisting heart disease [2].

Prior myocardial infarction
+ heart failure

Prior myocardial infarction
+ heart failure
+ angina pectoris

11.1-18

8.2-67

MANAGEMENT OF HEART FAILURE
The principles of management of heart failure are the same, regardless of whether

failure is chronic or acute, and consists of three basic maneuvers.

a. Inotropic drugs.
Inotropic drugs increase the cardiacoutput, reducing venous, pulmonaryvascular, and

cardiac filling pressures. Inotropic drugs increase myocardial oxygen consumption in per
sons with normal hearts, but usually decease myocardial oxygen consumption in patients
with heart failure, as contractile efficiency is improved in the latter group of persons.

Selection ofan appropriate inotropic drug is determined to some degree by the cause
of the heart failure. A common cause of heart failure is ischaemic heart disease. In such
patients, an inotropic drug should be chosen that does not increase the heart rate excessive
ly, as this may induce myocardial ischaemia.
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b. Diuretic drugs.
Should manifestations of heart failure not be resolved by use of an inotropic drug

alone, a diuretic drug should be administered to decrease both the interstitial oedema and
reduce the central venous pressure, i.e. the preload. Hypokalaemia is one of the disad
vantages of diuretic therapy, and may cause myocardial arrhythmias in patients being
administered digoxin or other inotropic drugs. Another problemdue to enthusiasticdiuretic
therapy is hypovolaemia.

c. Reduction of systemic vascular resistance (SVR).
Reduction of the SVR and pulmonary vascular resistance, reduces the resistance to

flow of blood out of the ventricles during systole. The result of this is increased stroke
volume and cardiac output [3].

1. Chronic management of heart failure.
The chronic management of heart failure is colored by the fact that at present there

is no really effective and safe inotropic dug that is able to be orally ingested, and which
maintains its activityafter chronic long termadministration. For this reason, chronic therapy
of heart failure is at present oriented towards use of diuretic and vasodilator drugs.

a. Diuretic drugs.
The initial treatment for all patients with chronic heart failure, without atrial fibrilla

tion, is a diuretic. Usually a thiazide is the type of diuretic initially used. This reduces any
hypertension and reduces symptoms due to interstitial oedema. Care must be taken that
neither hypokalaemia nor hypovolaemia are induced.

b. Inotropic drugs.
The only orally ingestible inotropic drugs available for long term therapy are the

digitalis glycosides. Digitalis glycosides elevate the cardiac output, albeit to no great degree,
even after long-term therapy in patientswith asinus rhythm [4]. However this group ofdrugs
is ofmost benefit in patients with rapid atrial fibrillation or flutter, in whom they significant
ly elevate the cardiac output by reducing the ventricular rate below 100 beats/minute [see
chapter 3.1].

At present the use of digitalis glycosides is considered somewhat controversial for the
chronic management ofheart failure in patients without atrial fibrillation. However despite
this they are still frequently employed for this purpose.

c. Vasodilator drugs.
The effect of the digitalis glycosides and diuretics may be supplemented by ad

ministration of a peripheral vasodilator drug, so as to reduce the SVR. One drug used for
this purpose is prazosin, an a-adrenoreceptor blocking drug which is effective after oral ad
ministration [5]. A more recent development, is the use of angiotensin converting enzyme
(ACE) blocking drugs to chronically reduce the systemic vascular resistance. This latter
group of drugs have the added advantage that they have no negative inotropic effect, and
do not block catecholamine receptors.
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2. Management of acute heart failure.
Management of acute heart failure in the perioperative period uses the same prin

ciples, but requires the use of different drugs. The emphasis is on increasing the cardiac
output with short acting inotropic drugs, rather than the use of diuretics.

a. Inotropic drugs.
The digitalis glycosides have anumber ofdisadvantages inthe managementofpatients

with acute heart failure. For example, digoxin at a dose of 0.75-1.25 mg administered Lv.
elevates the cardiac output by only 25% of the increase able to be induced by an Lv. infusion
of dobutamine at a rate of 8.5 Il-glkglmin [6]. In addition to this, digoxin reduces cardiac fill
ing pressures and the SVR to a lesser degree than does dobutamine [6]. Afurther disadvan
tage of digoxin in the perioperative period is the sometimes rapidly changing electrolyte
status of the patient, especially potassium. Patients given digoxin while hypokalaemic may
develop malignant, or at best, troublesome arrhythmias. As if this were not enough, digoxin
has a long eliminatiolil. half life, and should toxicity or arrhythmias be induced by this drug,
it takes a long time for the drug to be eliminated from the body.

The drugs dopamine and dobutamine are the drugs ofchoice for use in the managem
ent of acute heart failure, as their use is not associated with the above problems. Both of
these drugs have short elimination half lives, dopamine having aplasma elimination half
life of9 minutes [11], while dobutamine has aplasmaeliminationhalflife ofonly2.4 minutes
[12]. This accounts for the very rapid spontaneous termination of their effects once
administration is discontinued. In addition to this, the effects ofboth of these drugs is ap
parent within seconds after administration, and they do not cause arrhythmias in hypokal
aemic patients. Because of their very short elimination half lives, they are ideal drugs to ad
minister by continuous intravenous infusion. A new steady state plasma concentration after
beginning an intravenous infusion, or changing its rate is achieved after about 30 minutes
with dopamine, and after only 7-8 minutes with dobutamine [Le. 3 times the elimination
half life, see chapter 15.1 for explanation of intravenous infusion principles]. Administra
tion of a bolus dose speeds this up. Should they cause deleterious haemodynamic effects,
or the drug is no longer required, administration may be discontinued, and the effect of
either drug is gone after a maximum of30 minutes (three elimination half lives).

Dobutamine is a better inotropic drug to use for patients with heart failure than
dopamine. It increases the heart rate less than equivalent doses of dopamine, and reduces
the SVR slightly, unlike dopamine which increases the SVR and cardiac filling pressures.
Both drugs elevate the cardiac output significantlywhen infused intravenously in the dosage
range 2-10 ~glmin [7,8]. However dopamine elevates SVR and cardiac filling pressures
at higher inotropic dosages, (> 10 Il-glkglmin), and so it should be administered simul
taneously with an intravenous infusion of nitroglycerin at a rate of 0.5-3 Il-glkglmin to min
imize or to eliminate these effects at these doses [9].

b. Vasodilator drugs.
Vasodilator drugs such as sodium nitroprusside, nitroglycerin etc, may be used alone

to increase the cardiac output by means of afterload reduction, (Le. reducing the SVR)
[3,10]. The main disadvantage ofvasodilator therapy, especially in persons with ischaemic
heart disease, is that the arterial blood pressure may be reduced. However this effect may
be minimized by concurrent administration of an inotropic drug such as dopamine [9].
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c. Diuretic drugs.
A diuretic drug may be indicated to relieve hypervolaemia, pulmonary and periphe

ral oedema. Frusemide is the best drug to use for this purpose. Administered in the usual
therapeutic dosage of20-40 mgl70 kg, it rapidly relieves pulmonary congestion and oedema,
an effect that precedes any significant diuresis. The effect of frusemide is twofold. It has an
immediate direct venodilating effect which rapidly lowers left ventricular filling pressures,
so relieving pulmonary congestion and oedema, and a more well known potent diuretic ef
fect [13].

PREOPERATIVE ASSESSMENT
1. Use the NYHAcardiac functional disability scale to grade the severityofthe heart failure.
The NYHA score may be used to determine the level ofmonitoring required during anaes
thesia.

2. The existence of orthopnea indicates the presence of significant heart failure. Patients
with orthopnea will usually require general anaesthesia as they cannot lie flat.

3. As can be seen from tables 2.8.2 and 2.8.3, preoperative heart failure is associated with
a considerable risk of potentially severe complications. Elective operations should be
postponed for anypatientwhose condition is such that he fits into the higher risk categories.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Elective operations of patients with untreated heart failure should be postponed until
the heart failure is adequately treated, as the potential perioperative morbidity and mor
tality are considerable.

2. Atropine may be administered preoperatively unless the patient has atrial fibrillation, or
coronary vascular disease.

3. A sedative drug may be administered preoperatively, unless this is contraindicated by the
presence of hypoxaemia.

Anaesthesia.
1. Monitoring.

Patients with heart failure of NYHA classes ill-IV, or who have jugular venous dis
tension, an S3 gallop, ahistory ofpulmonary oedema, florid left heart failure, or heart failure
plus angina pectoris and hypertension, are patientswith a high risk ofdeveloping periopera
tive cardiac complications. After having been brought into the best possible condition
preoperatively, they should be maximally monitored in the perioperative period.

NYHA classes ill-IV patients should optimally be monitored with direct intra-art
erial blood pressure measurement, and a pulmonary artery catheter. Serial measurements
of cardiac output, SVR, and pulmonary vascular pressures, provide actual measurements
of the parameters being treated. The result is more effective therapy with vasodilator and
inotropic drugs. Measurement ofurinary output is required. ECGmonitoring using the CBS
configuration to detect myocardial ischaemia is advisable.
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At the very least, a central venous catheter to measure right atrial pressure, in addi
tion to the normal measures of blood pressure, pulse rate and ECG, is required.

2. Loco-regional anaesthesia.
Loco-regional anaesthetic techniques are to be preferredwhere possible. Butpersons

with orthopnea are unable to lie in a recumbent position for any length of time, and so
regional anaesthesia is sometimes not possible for such patients.

While techniques such as spinal and epidural anaesthesia reduce the SVR, the mag
nitude of the SVR reduction is unpredictable and profound hypotension may occur due to
inability to elevate the cardiac output sufficiently to compensate for the reduction of SVR.
Because of this general anaesthesia is to be recommended for patients with heart failure of
NYHA classes ill-IV severity who otherwise would be suitable candidates for these tech
niques.

3. General anaesthesia.
The selection ofdrugs and techniques to use for administration ofgeneral anaesthesia

in a person with heart failure is quite understandably aimed at maintaining or increasing
the cardiac output. Various factors should be considered.

a. Controlled ventilation is required as part of any general anaesthetic technique so as to
guarantee oxygenation in the face ofpulmonary congestion and oedema.

b. Minimal use should be made of drugs, or combinations ofdrugs which depress myocard
ial contractility. Myocardial depressant drugs may exacerbate existing heart failure, or
even precipitate it in patients with marginal ventricular function.

c. Prevent excessive elevation of the heart rate. This will increase myocardial oxygen con
sumption. The most common cause ofheart failure is coronary vascular disease, and ex
cessive tachycardia may induce myocardial ischaemia.

d. Some slight reduction of the SVR is beneficial as it increases the cardiac output. But ex
cessive reduction of the SVR may cause hypotension as the capacity of the cardiac out
put to increase may be exceeded.

e. Excessive elevation of the SVR further reduces cardiac output in patients with heart
failure. For this reason adequate analgesia is required to prevent pain induced elevation
of the SVR, and any possible exacerbation ofheart failure. Selection ofan analgesic drug
should be made with the aim of selecting the least cardiodepressive of these drugs.

A selection of the most appropriate anaesthetic drugs to be used may be made using
the tables in chapter2.1. All drugs should only be administered according to clinical require
ments because ofprolongation ofthe eliminationofmanydrugs, and insome case the reduc
tion of their effective dosage by the low cardiac output.

Postoperative.
Patients with NYHA classes ill-IV cardiac failure should be admitted to an intensive

care unit postoperatively until haemodynamic stability has returned.
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Chapter 2.9

MYOCARDIAL ISCHAEMIA

Ischaemia is defined as a condition of tissue oxygen deprivation secondary to reduced
tissue blood flow. Any situation in which the coronary blood flow is inadequate to supply
the contracting myocardium with sufficient oxygen will cause myocardial ischaemia. If
myocardial ischaemia is prolonged, myocardial infarction with all its consequences will
occur. Angina pectoris, ST-segment, T-wave changes and ventricular arrhythmias are all
evidence of myocardial ischaemia.

Prior to any discussion ofmyocardial ischaemia, it is ofvalue to briefly review current
ideas about the coronary circulation.

PHYSIOLOGY OF THE CORONARY CIRCULATION
When considering the coronary circulation, a careful differentiation must be made

between the coronary circulation as a whole, the circulation of the myocardium of the left
ventricle, and the myocardium of the rest of the heart.

1. Whole heart.
The coronary circulation may be considered in its entirety. Coronary blood flow is

regulated in the coronary perfusion pressure (CPP) range of50-140 mmHg. CPP is the dif
ference between the mean arterial blood pressure (MABP) and the coronary sinus pres
sure (CSP).

CPP = MABp· CSP .......(1)

Ifcoronaryvenous pressure is relatively low, then perfusionpressure is approximately
equal to the mean arterial pressure.

2. Left ventricle.
The physiology of the circulation of the myocardium of the left ventricle is somewhat

different to that in the rest of the heart, and so will be considered separately in some detail
as it has consequences for the practical management ofpatients with coronary vascular dis
ease.

The main difference between the left ventricle and the rest of the heart is that the
pressures developed in the subendocardium of the left ventricle during systole exceed the
pressures in the arteries perfusing the subendocardium. The reason for this is simple. Con-
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sider the subepicardial myocardium. During systole, the pericardium does not contract as
it is only a membrane, and so the pressure compressing the vessels in the uppermost layer
of subepicardial muscle is about equal to that within the pericardial cavity, i.e. near atmos
pheric, to lower than atmospheric. Contracting subepicardial muscle compresses the un
derlying layers of muscle, compressing the blood vessels within these layers of muscle too.
Each deeper layer ofmuscle is compressed in its tum by the immediately surrounding layer,
and the layers above, as well as contracting itself. This means that the deeper the muscle
layer, the greater the pressures compressing the blood vessels within it, until at the inner
most layer of myocardial muscle, the subendocardium, the pressures within the muscle due
to compression from surrounding muscle layers, and subendocardial contraction are about
equal to, or greater than the pressures developedwithin the cavity ofthe leftventricle during
that contraction. As a result of this, subendocardial blood vessels are compressed shut
during systole. This may be expressed in a simplified form by equations 2 and 3.

SYSTOLIC PERFUSION PRESSURE(subendocardlum) =SABP - LVSP (2)

SYSTOLIC PERFUSION PRESSURE(subeplcardlum) =SABP - CSP (3)

LVSP = left ventricular systolic pressures.
[see appendix-C and above for other symbols].

From the discussion above, and equations 2 and 3, it is apparent that a transmural
gradient of intramyocardial blood flow exists during systole. Flow is greatest in the sub
epicardial regions and continues throughout systole, while no blood flow occurs in the sub
endocardial myocardium during systole.

The myocardium relaxes during diastole, and the intramyocardial pressureswithin the
subendocardium and subepicardium tend to equalize. However, the pressure within the
subendocardium is somewhat higher than that in the subepicardium because of the pres
sure of blood within the cavity of the left ventricle which compresses the subendocardium.
This means that even during diastole, a slight transmural blood flow gradient exists. The
perfusion pressures of the subendocardial and subepicardial myocardium during diastole
may be expressed by equations 4 and 5.

DIASTOLIC PERFUSION PRESSURE(subendocardium) =DABP - LVDP (4)

DIASTOLIC PERFUSION PRESSURE(subeplcardlum) =DABP - CSP (5)

LVDP = left ventricular diastolic pressures.

It is obvious from the above discussion·that blood flow in the subendocardial myocar
dium of the left ventricle only occurs during diastole, and is directly proportional to the dif
ference between DABP and LVDP.

A detailed review of the physiology of transmural blood flow distribution in the
myocardium is to be found in a paper by Hoffman,J.I.E. [21].
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FIGURE 2.9.1. - This is an idealized diagram of the coronary circulation under conditions of
normal autoregulation and of maximal vasodilation, at both normal heart rates and during tachy
cardia. Zero flow pressure is higher for subendocardial than for subepicardial regions ofmyocar
dium. Myocardial flow is directly proportional to mean arterial, or coronary perfusion pressure
at nearly all pressures, except in the autoregulation pressure ranges. Flow is also usually less in the
subendocardial regions than in the subepicardial myocardium. Tachycardia decreases the
coronary flow reserves at all blood pressures, in particular reducing the subendocardial flow rela
tive to the subepicardial flow at all coronary perfusion pressures. [See figure 2.7.1 for definitions
of terms].
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Various other factors also influence the blood flow of the myocardium of the left
ventricle.

a. Blood pressure.
In general, elevation of the arterial blood pressure increases blood flow in all regions

of the myocardium, while decreasing the arterial blood pressure has the reverse effect. But
this simplistic view is modified by the fact that there is a transmural blood flow gradient,
and the coronary circulation is also autoregulated.

During hypotension the subendocardium has a lower blood flow per unit weight of
muscle than the subepicardium [20]. This is a consequence of the left ventricular diastolic
pressure becoming asignificant fraction ofthe diastolic blood pressure, and so the perfusion
pressure ofthis region is proportionally lower. In the normal autoregulatory pressure range,
blood flow per unit weight of subendocardial and subepicardial muscle is approximately
equal [16,20], because flow is regulated to each muscle layer according to metabolic re
quirements. Elevation of the arterial pressure above the autoregulatory range increases
coronary blood flow equally in both the subendocardial and subepicardial regions (16, see
fig. 2.9.1], although subendocardial flow is always lower than subepicardial flow.

In the maximally dilated coronary circulation, blood flow to all regions of the myocar
dium is directly proportional to the coronary perfusion pressure or MABP. However the
subendocardial blood flow is lower than the subepicardial flow at all arterial pressures
[19,21, and see fig.2.9.1].

b. Heart rate.
Blood flow in the left ventricular subendocardium only occurs during diastole. The

proportion of time spent in diastole in relation to systole decreases with increasing heart
rate. This means that left ventricular subendocardial perfusion is inversely proportional to
the heart rate. The result of all this is that tachycardia causes an absolute reduction of left
ventricular subendocardial flow, and so also increases the transmural flow gradient [16,21].
The reverse effects occur with bradycardia.

3. Right ventricle and atria.
The physiological principles of blood flow regulation through the myocardium of the

right ventricle and the atria are the same as for the left ventricular myocardium. However
the pressures developed within the cavities of these chambers during myocardial contrac
tion never exceed the SABP, and so perfusion occurs in all levels of the myocardium
throughout systole and diastole. There is also a transmural flow gradient as in the left
ventricle, as the pressures within these heart chambers are higher than the pressure within
the pericardial cavity.

FACTORS AFFECTING DEVELOPMENT OF MYOCARDIAL ISCHAEMIA
The conclusion to be drawn from the above brief review of the coronary circulation

is that it is the subendocardium ofthe left ventricle which is most likely to become ischaemic
as a result of any change of cardiovascular function. In itself this is a clinically useful fact,
but the busy practical clinician often has too little time in which to derive the clinical con
sequences from this, and so the discussion that follows describes the problems caused by
common haemodynamic disorders in patients with coronary vascular disease.
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1. Hypertension.
Myocardial contraction is a process which requires oxygen to generate energy, and

the cardiac oxygen consumption is directly proportional to the work performed by the heart
pumping blood against the flow resistance presented by the vascular system. Hypertension
is common during the perioperative period, being due to anaesthetic procedures such as
endotracheal intubation [6,7], surgical stimulation, or administration of vasoconstrictor
drugs etc, and any of these may induce myocardial ischaemia.

But despite the fact that myocardial oxygen consumption is directly related to systolic
arterial blood pressure, intraoperative hypertension alone has not been found to correlate
well with the occurrence of myocardial ischaemia [9]. This is a finding which corresponds
well with what has been shown experimentally. In one study it was found that myocardial
ischaemia is infrequent after induction of hypertension, even in persons with 70% or more
stenosis of one or more coronary vessels, despite the fact that such induction of hyperten
sion does markedly increase myocardial oxygen consumption [15].

Hypertension may in fact be necessary for maintenance of coronary blood flow in
some patients with severe coronary vessel stenosis, as a higher than normal pressure is re
quired to generate an adequate flow through a stenotic vessel [15].

2. Hypotension.
The effects of hypotension on the normal heart have been dealt with in some depth

in chapter 2.7. Clinical investigation has revealed that the occurrence of myocardial is
chaemia during intraoperative hypotension is unrelated to the level of diastolic hypoten
sion, but is related to the MABP and the systolic arterial blood pressure [9].

The heart with coronary vascular disease is less tolerant ofhypotension, and myocar
dial ischaemia develops at a lower percentage reduction of blood pressure than in normal
persons. However the percentage reduction of blood pressure required to induce myocar
dial ischaemia is highly variable, depending the severity of coronary vessel stenosis. In one
series a reduction of MABP as little as 6% below the normal resting MABP was sufficient
to induce myocardial ischaemia during anaesthesia [9], while in another series, the MABP
reduction required before ECG signs of myocardial ischaemia occurred was 56% [8].

3. Tachycardia.
Each contraction of the heart is an energy requiring process, the more rapidly the

heart contracts, the more energy it requires per unit time. In addition to this, the suben
docardial blood flow is reduced by tachycardia. As the metabolic substrates which provide
energy for myocardial contraction must flow through the coronary blood vessels in order
to reach the muscle cells, it is not surprising that the occurrence of intraoperative myocar
dial ischaemia in patients with coronary vascular disease is directly related to the occur
rence of tachycardia [6,9].

4. Tachycardia and hypotension.
Hypotension reduces the coronaryperfusionpressure, so reducing the coronaryblood

flow, especially in the subendocardium, and this is even more pronounced in persons with
coronary vascular disease. Tachycardia increases the myocardial oxygen consumption, in
addition to reducing subendocardial blood flow. Because of this, the combination of
tachycardia and hypotension is particularly likely to cause myocardial ischaemia in patients
with coronary vascular disease [9].
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5. Tachycardia and hypertension.
Both tachycardia and hypertension can induce myocardial ischaemia, especially in

those persons with coronary vascular disease. But a given degree of elevation of myocar
dial oxygen consumption due to tachycardia is more likely to induce myocardial ischaemia
than the same elevation of myocardial oxygen consumption due to hypertension [15].

The most likely explanation for this effect of tachycardia is that the percentage of the
cardiac cycle during which diastole occurs decreases with increasing heart rate. Left
ventricular subendocardial perfusion only occurs during diastole, and so a percentage shor
tening of this time significantly reduces left ventricular subendocardial blood flow. In fact
the blood flow and oxygen delivery in this region may decrease, or remain unchanged, and
in any case certainly does not increase in proportion to the elevation of myocardial oxygen
consumption that occurs with increasing heart rate [21].

The situation is different for hypertension. H the arterial blood pressure increases
without any increase in heart rate, the percentage time spent in diastole remains unchanged.
Coronary blood flow increases in all levels of the myocardium with increasing blood pres
sure, so despite the fact that the myocardial oxygen consumption increases with increasing
arterial blood pressure, oxygen delivery to all levels of the myocardium also increases with
increasing blood pressure.

6. Rate pressure prodUct (RPP).
Myocardial oxygen consumption increases in direct proportion to the arterial blood

pressure and the heart rate, and not surprisingly the product of the heart rate (HR) and the
systolic arterial blood pressure (SABP), the RPP has been found to directly correlate with
myocardial oxygen consumption [21].

RPP = SABP x HR (6)

Patients with coronary vascular disease develop myocardial ischaemia at a lower RPP
than patients with no coronary vascular disease. The RPP at which patients with coronary
vascular disease develop angina pectoris varies from patient to patient. It has been found
that conscious, non-anaesthetized patientswith NYHA classes ill-IV coronaryvascular dis
ease may develop angina pectoris when the RPP is as low as 12,000 [5]. But despite being
directly related to the onset ofmyocardial ischaemia in conscious persons, the RPP has not
been found to correlate well with the occurrence ofmyocardial ischaemia ofpersons under
anaesthesia [9,17,18].

This apparent contradiction is able to be explained by the fact that the RPP is used as
an index of heart work even during hypotensive episodes, and hypotension is common
during anaesthesia. For example, consider a person with an SABP = 120 mmHg and HR
= 60 beats/min who becomes hypotensive after induction of anaesthesia with an SABP =
60 mmHg and an HR = 120 beats/min. In both situations the RPP = 7200, but everyone
would agree that the two haemodynamic situations are quite different, and that myocardial
ischaemia was more likely in the latter situation. Obviously the application of the RPP as a
measure of the risk of developing myocardial ischaemia in such a situation is meaningless.
For this reason the RPP should only be applied in situations where the SABP of a patient
is equal to, or greater than the control SABP. In this way the effect of hypotension is
eliminated and the RPP retains its value as a useful index of heart work.
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7. Central venous and pUlmonary arterial pressures.
Elevation of the central venous pressure, the pulmonary capillary wedge pressure, or

both are directly related to the occurrence of intraoperative myocardial ischaemia [9]. This
is not surprising as both are measures of cardiac preload, and as such are a measure of the
heart work. In addition to this, they significantly reduce coronary perfusion pressure at low
arterial blood pressure levels.

a.Anaemla.
Anaemia reduces the maximum amount of oxygen that can be carried by a given

volume ofblood. Because of this, a larger blood flow is required to deliver a given volume
of oxygen per unit time to any tissue, including the myocardium. The reduction ofmyocar
dial oxygen transport due to coronary vascular disease is therefore exacerbated by anaemia
[21].

PERIOPERATIVE MORBIDITY & PROBLEMS
1. Decreased cardiac output.

Ischaemic myocardium does not contract effectively, and if the ischaemia is severe
enough, it does not contract at all [26,30]. This increases the work of the remaining non-is
chaemic myocardium, which has been shown to eventually develop a "compensatory" in
crease in contractility. Contractile failure of ischaemic myocardium develops very rapidly,
being able to be demonstrated within one minute of onset of ischaemia. The likely causes
are thought to be depletion of myocardial intracellular adenosine triphosphate (ATP)
stores [27,28], and intracellular acidosis induced depression of muscle contractility due to
reduced calcium ion binding to troponin [29].

The haemodynamic effect of myocardial ischaemia depends upon the size of the is
chaemic region ofmyocardium. Clinical evidence ofheart failure occurs after > 20-25% of
the myocardium becomes ischaemic and non-contractile. "Pump failure", or cardiogenic
shock develops when > 40% of the myocardium no longer contracts [26].

2. Ventricular arrhythmias.
Electrophysiological function of the myocardial cells in an acutely ischaemic region

changes within minutes. Initially the cells depolarize to some degree, and the refractory
periods of the affected myocardial cells decrease. The effects of ischaemia are not uniform
for all affected cells, some cells being affected less than others [23,24].

Ventricular arrhythmias such a premature beats, tachycardia, flutter and fibrillation
may occur within minutes of onset of experimental acute myocardial ischaemia [23]. The
ventricular fibrillation threshold is decreased within 10 minutes after onset of ischaemia,
an effect which is further exacerbated by catecholamines [25].

The cause of ventricular arrhythmias arising during myocardial ischaemia/infarction
is thought to be due in part to local injury currents stimulating the myocardium. A local in
jury current occurs because an electrical current flows between a partly depolarized is
chaemic region of myocardium and an adjacent normally polarized area of myocardium.
This current, called an "injury current", stimulates excitable regions of myocardium so in
ducing local abnormal myocardial activity, which if it propagates affects the activity of the
whole heart [23]. In addition to local injury currents, the pattern of depolarized refractory
regions, and regions of normal excitability provides an ideal electrophysiological substrate
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Table 2.9.1.
Perioperative myocardial reinfarction incidence related
to the presence ofpreoperative angina pectoris and other
cardiovascular disease [4].

% perloperative
myocardial reinfaretlon

Prior myocardial
infarction alone 0.06-0.1%

Prior myocardial
infarction + angina pectoris 1.0-2.8%

Prior myocardial
infarction + angina pectoris
+ hypertension 2.1-23.0%

Prior myocardial
infarction + angina pectoris
+ heart failure 8.2-67.0%

for circulatory excitatory phenomena, (i.e. re-entrant arrhythmias), which have been shown
to be a major cause of arrhythmias in ischaemic myocardium [23].

3. Increased chance of myocardlallnfaretlon.
Angina pectoris significantly increases the chance of developing a myocardial infarc

tion. Perioperative angina pectoris (1], and perioperative myocardial ischaemic episodes
[2,3], triple the chances of a perioperative myocardial infarction [3], and cardiac death [2].

The chances of perioperative myocardial infarction are considerably increased in
those who have had aprior myocardial infarction as well as having preoperative angina pec
toris [4, see table 2.9.1].

ECG MONITORING FOR MYOCARDIAL ISCHAEMIA
The occurrence ofST segment depression where there was none before, is a manifes

tation of myocardial ischaemia [11], and occurs in about 38% of patients with coronary
artery disease who undergo noncardiac surgery [12]. It is essential to be able to detect and
treat any episode of myocardial ischaemia, as perioperative myocardial ischaemia
predisposes to myocardial infarction [3]. Various BeG lead systems are in common use.
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Standard lead II.
The lead most commonly used for ECG monitoring on most operating room ECG

monitors is standard lead n. Its electrical axis is parallel with the electrical axis of the atria,
making P-waves easily visible, which is useful for arrhythmia monitoring. ST segment
depression which is observed in lead nis specific for ischaemia occurring in the area sup
plied by the right coronary artery [13]. Because of this last limitation, only 18% of all
episodes of myocardial ischaemia are observed when only lead n is used [12].

LeadV5.
Lead V5 is more efficient at detecting perioperative myocardial ischaemia than is lead

n. All episodes of myocardial ischaemia are able to be detected with this lead [13,12]. ST
segment depression observed in this lead reflects ischaemia occurring in the regions sup
plied by the circumflex coronary artery and the left anterior descending artery [13].

Lead CB5.
It is impractical to attach all 12 standard ECG leads to all patients undergoing non

cardiac surgery, in addition to which it is not required for most patients. The CBS lead sys
tem is a simple 2 lead system which provides a lead configuration equivalent to that of
V5. As with the V5 configuration, all episodes of intraoperative myocardial ischaemia are
able to be detected with this lead configuration, instead of the meager 18% detection rate
of myocardial ischaemic events with lead n [12,13].

The CBS lead systemuses two leads only. The negative electrode is placed on the back
over the middle of the right scapula, and the positive electrode is placed above the 5th in
terspace over the left anterior axillary line [14]. The advantage of this lead configuration is
that the electrical axes of the V5 and CBS leads are nearly identical, with the further ad
vantage that due to the slight difference in electrical axes, both P-waves and T-waves are
greater in magnitude than in V5.

The CBS system may be used with most presently available three lead operating room
ECG monitors by just changing the position of the negative electrode.

PERIOPERATIVE MANAGEMENT OF MYOCARDIAL ISCHAEMIA
Should myocardial ischaemia occur in the perioperative period, the cause should be

rapidly determined, and treatment rapidly administered. Myocardial infarction may occur
if myocardial ischaemia is prolonged.

1. Ischaemia due to arterial hypertension.
Hypertension may cause myocardial ischaemia by elevating myocardial work. Trea

tment is directed at reducing heart work by any means possible. Avariety of techniques are
available.

a. Deepen anaesthesia, although this may take minutes.
b. Administer an intravenous bolus ofavasodilator drug, e.g. nitroglycerin 50-100 1Jd70 kg,

phentolamine 5-10 mg/70 kg etc. This should be followed up with anitroglycerin infusion
at a rate of 0.5 + IJ.glkglmin.

c. If a tachycardia is also present, a B-adrenoreceptor blocking drug may also be ad
ministered, e.g. pindolol 0.1-0.4 mg/70 kg, propranolol 1-10 mg/70 kg, etc.
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2. Ischaemia due to arterial hypotension.
Hypotension may be due to hypovolaemia, myocardial depression, or excessive

vasodilation, and the effects of anaesthetic drugs. In all cases the coronary perfusion pres
sure should be restored as rapidly and effectively as possible to minimize the harmful ef
fects of myocardial ischaemia. Treatment should be directed at the cause.

a. Hypovolaemia should be corrected as rapidly as possible. If it is expected that elevation
of the blood pressure by an intravenous infusion will take several minutes, then an in
travenous injection of a vasoconstrictor/inotropic drug should be administered simul
taneously with administration of intravenous fluids. This will elevate the blood pressure,
so restoring coronary perfusion pressure, and relieving myocardial ischaemia until nor
movolaemia has been restored. Prolonged myocardial ischaemia in persons with severe
coronaryvascular disease may cause amyocardial infarction.Suitable drugs are any drugs
that are immediately available. But the preferred drugs and doses are; ephedrine 5-10
mgJ70 kg, phenylephrine 0.1-0.2 mgJ70 kg, methoxamine 2-5 mgJ70 kg, metaraminoI0.5
1mgJ70 kg, or noradrenaline 0.025-0.05 mgJ70 kg.

b. Myocardial depression or vasodilation should be treated with a drug which possesses in
otropic as well as vasoconstrictor properties. Suitable drugs are ephedrine and
noradrenaline. However these may cause aslight tachycardia at the recommended doses,
and so are drugs of second choice in patients with NYHA classes ill-IV coronary vas
cular disease. Preferred drugs are phenylephrine, methoxamine and metaraminol, as
they cause minimal elevation of the heart rate. The doses are listed in the paragraph
above and in table 2.1.1. However common sense should be used with the selection of
drugs. Prolonged ischaemia while waiting for any of the preferred drugs to be fetched
may have a more damaging effect on the myocardium than the minimal tachycardia due
to administration of either ephedrine or noradrenaline, if either of these two drugs is
more rapidly available than one of the drugs of choice.

3. Ischaemia due to tachycardia.
Provided that the tachycardia is not associated with hypotension or hypovolaemia,

then myocardial ischaemia should be treated with a B-adrenoreceptor blocking drug. If the
patient is also hypovolaemic or hypotensive, these conditions should be treated first, prior
to any reduction of the heart rate because tachycardia may be secondary to either condi
tion.

4. Ischaemia in the presence of normal haemodynamlcs.
Myocardial ischaemia may occur in the presence of normovolaemia, a normal heart

rate and blood pressure. The cause is either coronary artery thrombosis, or constriction of
one or more coronary arteries. Coronary vasoconstriction can, and should be treated rapid
ly, initially with a bolus of 50-100 fJ-gJ70 kg of nitroglycerin. This should be followed by an
infusion of nitroglycerin at a rate of 0.5 + fJ-g/kg/min. Should this be ineffective, coronary
thrombosis is likely to have occurred, and anticoagulant or streptokinase therapy are pos
sibly required.
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ANAESTHETIC MANAGEMENT
Myocardial ischaemia in the perioperative period should be prevented, or rapidly

treated, as it triples the chances of postoperative myocardial infarction [3]. This is the guid
ing principle for any form of anaesthesia in patients with coronary vascular disease.

Preoperative.
1. Patients with NYHA class IV disease should never be considered for any elective surgery,
except coronary artery bypass grafting. .
2. Do not use atropine in the premedication of patients with a high NYHAscore. Tachycar
dia may induce angina pectoris.

3. Adequate preoperative sedation is required to prevent anxiety induced angina pectoris.

Anaesthesia.
1. ECG monitoring is mandatory for all patients with coronary vascular diSease so that
episodes of ischaemia may be treated as rapidly as possible. The best ECG lead configura
tions for detection of ischaemia are V5 or CBS.

2. All patients with classes ill-IV angina pectoris should receive an infusion ofnitroglycerin
perioperatively at a rate of 0.5 ~glminute which should be continued for 24 hours
postoperatively. This decreases heart work by decreasing cardiac preload. The efficacy of
such a regime may be disputed by some [6], but subsequent investigation has found that the
use ofanitroglycerin infusiondefinitely does reduce the frequency ofperioperative myocar
dial ischaemia in patients with coronary vascular disease [7].

In situations where no nitroglycerin infusion is possible, placement of 1/4-1/2 tablet
of nitroglycerine (1 mg tablets), under the tongue will have the same, although a less pre
dictable haemodynamic effect.

3. The combination of tachycardia and hypotension should be prevented as this is the com
bination of events most likely to induce myocardial ischaemia.

B-blocking drugs, with or without vasodilators, may be used to prevent tachycardia
and excessive elevation of blood pressure during the perioperative period.

Episodes of myocardial ischaemia should be treated as outlined above.

4. Loco-regional anaesthetic techniques provide the best analgesia. But anxious patients
should be well sedated. Loco-regional techniques may be combined with general anaes
thesia.

5. The choice of a general anaesthetic technique and drugs to use for general anaesthesia
in patients with coronary vascular disease is aimed at minimizing any haemodynamic chan
ges that may induce myocardial ischaemia.

a. The patients should receive adequate analgesia to prevent pain induced elevation of the
SVR [7]. Periodswhere more analgesia are required are endotracheal intubation [7,10],
and periods of intense surgical stimulation such as sternotomy, peritoneal traction etc.

b. The anaesthetic technique used should not induce hypotension. Patients with severe
symptomatic coronary vascular disease may develop myocardial ischaemia if the MABP
drops as little as 6% [9], or as much as 56% [8] below the normal resting level.
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The tables in chapter 2.1 may be used to select the most suitable drugs.

6. Hypothermia, even mild hypothermia down to 34-35°C,may have haemodynamically un
desirable effects in patients with compromised cardiac function. The main problems occur
postoperatively, especially when shivering occurs. Human studies have shown that pos
toperative shivering may elevate the oxygen consumption of the body by as much as 500%,
causing the cardiac output to double, increasing the SVR, and embarrassing spontaneous
respiration [31]. Such an increase of the cardiac output may not be possible in those with
coronary vascular disease, or poor myocardial function. Heart failure, myocardial ischaem
ia, or both can occur in such patients.

Postoperative.
1. Patients with myocardial ischaemia of NYHA classes ill-IV should be admitted into an
intensive care unit postoperatively until haemodynamic stability has been restored.

2. Mechanical ventilation, together with sedation and use of muscle relaxants should be
considered for patients with NYHA classes ill-IV disease whose postoperative body
temperature is less than 35°C. Muscle relaxation will prevent shivering while rewarming
occurs, and so prevents shivering induced disorders of cardiovascular function [see above].
Mechanical vetilation may be discontinued once the body temperature is normal.
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Chapter 2.10

MYOCARDIAL INFARCTION

Myocardial infarction is a consequence of myocardial ischaemia which has been
prolonged beyond the point at which myocardial tissue recovery is possible. The causes, and
factors predisposing to it are the same as for myocardial ischaemia [see chapter 2.9].

FREQUENCY OF PERIOPERATIVE MYOCARDIAL INFARCTION
The chances of a myocardial infarction occurring in the perioperative period are very

low for a person without preoperative myocardial problems. But this is not the case for
patients with a prior history of myocardial infarction, [see table 2.10.1].

Table 2.10.1.
Percentage frequency of perioperative myocardial in
farction related to history of prior myocardial infarction
[1]. [Perioperative = 0 to 7 days postoperative]

% Myocardial
infarction

No prior myocardial infarction 0.13

Prior myocardial infarction 6.6

The percentage reinfarction rates for patients with a previous history of myocardial
infarction in the perioperative period is given for a number of series in table 2.10.2. This
table also clearly shows that there is a large difference in mortality between a myocardial
infarction that occurs in the perioperative period, and one which occurs at random in any
person who has not undergone any surgery at the time the infarct occurred. This is able to
be explained by the effects of surgery. Surgery always causes pain. The people undergoing
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Table 2.10.2.
Percentage perioperative myocardial reinfarction rates related to interval be
tween previous myocardial infarction and subsequent surgery as reported in
three different series. [Perioperative = day of operation plus 6 to 7 days]

INTERVAL BETWEEN
MYOCARDIAL INFARCTION
AND ANAESTHESIA

Tarhan et al
[1). (Study

period from
1967-1968)

Rao et al Rao et al
[2). (Study [2). (Study

period from period from
1973-1976) 1977-1982)

0-3 months
3-6 months
6-12 months
12+ months

37%
1SOk
4%
5%

3SOk
26%
5%
5%

5.8%
2.3%
1.0%
1.5SOk

NON-PERIOPERATIVE MYOCARDIAL INFARCTION MORTALITY = 12-20% [5)

PERIOPERATIVE MYOCARDIAL INFARCTION MORTALITY = 64% [1,3]

N.B. A non-perioperative myocardial infarction is a myocardial infarction that
occurs in a patient who has not undergone any surgical procedure.

surgery are often anxious. Hypokalaemia or hyperkalaemia may develop in the periopera
tive period. Hypovolaemia or hypervolaemia may occur. Anaemiadue to blood loss is pos
sible. Hypercarbia may be present due to respiratory depression caused by opiates ad
ministered for pain, or restriction of respiration due to pain itself. Many patients are
hypoxaemic postoperatively. Sympathetic nervous system activity is increased by most of
these effects, as are plasma catecholamine concentrations. The effect of all these changes
is to increase the likelihood of a myocardial infarction occurring in a predisposed person.
In addition to this, these changes make it more likely that possibly malignant arrhythmias
will occur after infarction, and that the infarction will be more extensive than otherwise.

Table 2.10.2 shows that Rao et al [2] obstained a startling reduction in perioperative
reinfartion rates for their 1977-1982 patient group. These results were ascribed to a policy
of aggressive and invasive monitoring, with rapid reaction to, and treatment of, any abnor
mal haemodynamic parameter in any of their high risk patients. This is not possible in some
hospitals, and so the more pessimistic statistics are likely to be applicable in those hospitals
where monitoring facilities such as pulmonary artery catheterization with regular cardiac
output and SVRmeasurement etc, together with therapeutic modalities such as intravenous
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infusions of dopamine, dobutamine, nitroglycerine etc, are not available, or are used inef
fectively.

PREDISPOSING FACTORS
There are a variety of factors predisposing to perioperative myocardial reinfarction.

These are listed below.

1. Recent myocardial infarction [1,2].

2. Duration of operation. The frequency of reinfarction is directly proportional to the dura
tion of the operation [3].

3. Site of operation. Intrathoracic surgery, upper abdominal operations, and great vessel
surgery are associated with a significantly higher reinfarction rate [3].

4. Preoperative angina pectoris [2], angina pectoris + hypertension [2], angina pectoris with
heart failure [2], see table 2.9.1.

5. Preoperative heart failure [2].

6. Preoperative hypertension [3].

7. Intraoperative hypotension [3].

8. Perioperative myocardial ischaemia [4].

ANAESTHETIC MANAGEMENT
Preoperative.
1. Ifpossible postpone any elective operation until at least 6 months after a myocardial in
farction.

2. Any emergency operation performed before this 6month period has elapsed, should only
be performed by the most experienced, gentle, and rapid surgeon available, so as to mini
mize trauma and operation time.

3. Prevent possible preoperative myocardial ischaemia due to anxiety with adequate
preoperative sedation.

4. Anticholinergic drugs should not be administered preoperatively unless they are indi
cated. Tachycardia may induce myocardial ischaemia.

Anaesthesia.
1. Any patient who has had a myocardial infarction less than 3 months prior to a moderate
ly large, or major surgical procedure should be maximally monitored. A pulmonary artery
catheter enables haemodynamic support therapy to be more effectively directed. If this is
not available, a central venous catheter should be used to monitor right heart filling pres
sures, and administer drugs. Any haemodynamic abnormality that is detected mustbe rapid-
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ly and efficiently corrected, so as to minimize the chance of perioperative ischaemia or in
farction.

Such a level of monitoring is not required for minor procedures. However as most
such minor procedures are elective, these should be postponed until at least 6months have
elapsed since the myocardial infarction.

2. Anaesthetic management is the same as for patients with myocardial ischaemia [chapter
2.9]. The aim of the anaesthetist is the same as for patients with coronary vascular disease.
That is, to prevent any elevation of heart work load, or hypotension, both of which may
cause myocardial ischaemia and infarction.

Postoperative.
Any patient who has had a recent (< 6 months), myocardial infarction should be ad

mitted into an intensive care unit postoperatively for aggressive monitoring and treatment
for at least 48 hours. Management is otherwise the same as for patients with myocardial is
chaemia.
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ANTICOAGULANT THERAPY IN CARDIAC PATIENTS

There are various categories ofpatients with cardiac disease who are on long term an
ticoagulant therapy.

• Those who have had a myocardial infarction, especially those with a ventricular
aneurysm.

• Those with cardiac valvular disease,e.g. mitral stenosis.
• Those with prosthetic cardiac valves.

The purpose of anticoagulant therapy is to prevent reinfarction in those with a history
ofmyocardial infarction, thromboembolism from ventricular aneurysms, to prevent throm
bus formation and thromboembolism in those with prosthetic cardiac valves, or those with
diseases of cardiacvalves associated with thromboembolism, e.g. mitral stenosis.

It is desirable to reverse the anticoagulant activity prior to surgery so as to minimize
haemorrhagic complications. This raises the question ofwhether it is safe to do so. Does an
unacceptable increase in the risk of thromboembolic disease occur?

Regrettably this is not a well researched topic. The most well known study investigat
ing this problem is that ofTinker and Tarhan (1978) [1]. They studied 159 patients who un
derwent a total of 180 non-cardiac operations subsequent to prosthetic cardiac valve im
plantation. The anticoagulant therapy of these patients was stopped preoperatively, and on
the morning of the day of operation, the prothrombin time was normal in 37% (67/180) of
the patients, and only elevated to less than 20% above normal in 32% (57/180) of the
preoperative patients. This state of affairs was continued for an average of 2.7 days pos
toperatively, and and no patient developed embolic compilcations in the perioperative
period. Six patients did develop embolic complications later, but as the shortest period be
tween surgery and occurrence ofan embolic episode was 14 months, it is debatable whether
these embolic episodes were due to perioperative discontinuation ofanticoagulant therapy.

It is not unreasonable to assume that these results would also apply to other forms of
valvular disease, and possibly even to those with other cardiac diseases for which chronic
anticoagulant drug therapy is indicated.

MANAGEMENT
A reasonable guideline is to stop the anticoagulant therapy for the required number

of days so that the activity of the drug will decrease spontaneously [see table 6.6.1]. Never
fully reverse the effect of any anticoagulant drug therapy. Most operations can be carried
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out provided that the haemostatic parameters of the patient satisfy the criteria set out in
chapter 6.3. That is;

Prothrombin time < 1.5 times normal

Partial thromboplastin time < 1.5 times normal

If the planned operation is urgent, antagonize the anticoagulant drug with vitamin
K. It takes about 6 hours for vitamin-K to be effective, as it takes this period of time for
hepatic synthesis to sufficiently elevate the plasma concentration of the deficient factors.
Fresh frozen plasma may be used if there is no time to wait for the effects ofvitamin-K to
occur. Four factor concentrates should only be used as a last resort because of the throm
bogenic effect some batches ofthis preparation have [2]. Most patients presenting for emer
gency surgery have lost blood orplasma, and fresh frozen plasmais definitely to bepreferred
above four factor concentrate in these cases, as it replaces both the blood volume deficien
cy as well as the deficient coagulation factors. Further discussion on the correction of the
effects of oral anticoagulant drugs is to be found in chapter 6.6.
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SUBACUTE BACTERIAL ENDOCARDITIS PROPHYLAXIS

Subacute bacterial endocarditis (SBE) prophylaxis is sometimes required to prevent
infection of cardiac valves or intracardiac structures by bacteria entering the circulation as
a result of surgery or instrumentation. The usual conditions for which SBE prophylaxis is
indicated are listed below.

• Congenital and acquired intracardiac abnormalities.
• Congenital and acquired valvular lesions.
• Prosthetic cardiac valves.
• Patients with intracardiac pacemakers.

CLASSIFICATION OF PATIENTS
Patients are divided into high and low risk categories. A high risk patient is defined

as one possessing any of the attributes below.

• A patient who has previously had one or more episodes of SBE.
• A patient who has a prosthetic cardiac valve(s).
• A patient for whom SBE prophylaxis is indicated and who has an infection.

All other patients are classified as low risk.

REGIMES PROPOSED FOR SBE PROPHYLAXIS
There is general agreement as to the indications for SBE prophylaxis, and the

classification ofwhat constitutes a high risk patient. But there is no general consensus about
the SBE prophylaxis regimens used. SBE prophylaxis regimens vary widely from place to
place, depending upon the personal preferences of physicians, local policy with regard to
SBE prophylaxis, available antibiotics, and antibiotic sensitivities of the local bacteria.

The regimens presented below are a collection ofthose suggested by various societies
[1,2], and employed in the Netherlands [3,4].

1. Infections, or operations In Infected regions.
This requires aggressive i.v./i.m. antibiotic therapy with an antibiotic to which the in

fecting organism is sensitive.
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2. Prophylaxis for outpatient procedures.
Prophylaxis for outpatient procedures in regions of the body ABOVE the level of the

diaphragm. Includes dental, otorhinolaryngological, outpatient surgical and investigative
procedures in these regions. Dental and upper airway procedures are mostly associatedwith
Streptococcus viridans baeteraemia.

A. No allergy or recent ( < 1 month) penicillin treatment.
Oral amoxycillin 3 G (children 60 mglkg), 45-60 minutes before the procedure.

Repeat the dose once 6-8 hours later.

OR

Oral penicillin-V 2 G given 30-60 minutes before the procedure. Then give penicil
lin-V 500 mg every 6 hours for 48 hours.

OR

1M. procaine penicillin + penicillin-G mixture (e.g. Bicillin), 2 megaunits 30-60
minutes before the procedure. Subsequently give penicillin-V 500 mg every 6 hours for 48
hours.

B. Penicillin allergy or penicillin therapy <1 month previously.
Give oral erythromycin 1 G (children 20 mglkg), 1.5-2 hours preoperatively. Sub

sequently repeat this dose 6 and 12 hours later.

3. Prophylaxis for high risk patients.
Prophylaxis for high risk patients and for procedures in regions BELOW the

diaphragm. High risk patients should receive an SBE antibiotic prophylaxis regime that has
a broader antibacterial spectrum than lower risk patients. Operations in this region are
usually associated with enterococcal bacteraemia.

A. No allergy or recent ( < 1 month) penicillin therapy.
Ampicillinlamoxycillin 1G (children 20 mglkg) + gentamycin 1.5 mglkg (maximum

80 mg) Lv./Lm. 30-60 minutes before the procedure. Repeat the ampicillinlamoxycillin
every 6 hours for 24 hours, and the gentamycin every 8 hours for 24 hours.

B. Penicillin allergy or penicillin therapy < 1 month previously.
Give vancomycin 1G (children20 mglkg) + gentamycin 1.5 mglkg (maximum 80 mg)

Lv. 30-60 minutes before the procedure. The vancomycin may be repeated once after 12
hours, and the gentamycin 8 and 16 hours after the procedure.

4. Obstetrical practice.
Patients undergoing delivery, or caesarean section either as day care patients or in

patients should all receive amoxycillin IG Lv./Lm. every 6 hours for 24 hours + metronid
azole 500 mg orally/Lv. every 8 hours for 24 hours.
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Chapter 2.13

DISORDERS OF THE CARDIAC VALVES AND SHUNTING

The anaesthetist should be aware of the presence of any form of cardiac valvular or
congenital heart disease. Induction and maintenance of anaesthesia in such patients can be
fraught with hazards, which if not anticipated and prepared for, may result in serious
complications.

Mortality assocIated wIth valvular dIsease.
The mortality associated with valvular heart disease is quite considerable, and gives

a very good idea of the magnitude of the haemodynamic upset caused by these disor
ders. Mitral and aortic disease are the most common types of valvular heart disease, and
the mortality associated with them is shown in table 2.13.1.

Table 2.13.1.
Time related mortality after diagnosis ofmitral and aortic valvular disease
[1]. (Medical treatment only)

VALVULAR DISEASE % SURVIVING AFTER DIAGNOSIS
5 years 10 years

Mitral regurgitation 80% 60%

Mitrai stenosis
- All cases 80% 60%
- NYHA class III 62% 38%
- NYHA class IV 15% 0%

Combined mitral stenosis
and regurgitation 66% 33%

Aortic regurgitation 75% 50%

Aortic stenosis 38% 20%
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Special considerations in valvular disease and shunting.
1. Always enquire about a history of congenital and acquired heart disease, e.g. rheumatic
fever.

2. These patients may have disorders of cardiac rhythm and/or heart failure. These should
be treated preoperatively so that the patient comes for surgery in optimal condition.

3. All patients with intracardiac abnormalities, diseased or prosthetic valves are at risk of
acquiring SBE as a result ofsurgery. SBE prophylaxis is required for most forms ofsurgery.

4. Some patients may ingest anticoagulant drugs to prevent the possible thromboembolic
consequences of their disease. Any such therapy will need to be reduced preoperatively,

5. In all cases where the patient has severe cardiac disease, some myocardial function and
physiological performance test data should be available preoperatively. This facilitates
decisions as to the perioperative management required.

6. The basic requirement for any anaesthetic in these patients is to at least maintain the
preoperative haemodynamic situation, and ifpossible, to even improve it. The blood pres
sure should also be maintained at near normal levels so as to facilitate normal tissue per
fusion, especially in those organs whose perfusion is pressure dependent. The type of
anaesthetic depends greatly upon the skill of the anaesthetist and the available resources.
Selection of appropriate drugs for anaesthesia is aided by use of the tables listing the sys
temic haemodynamic effects of anaesthetic drugs in chapter 2.1.

7. The degree of monitoring depends upon the severity of the heart disease, the nature of
the operation, and the anaesthetic technique. Patientswhose disease severity is NYHAclass
Ill-IV, may be haemodynamicallyvery unstable duringgeneral anaesthesia as well as during
major surgery. These categories of patients should be monitored with a pulmonary artery
catheter, direct arterial blood pressure monitoring, as well as serial arterial blood gas ten
sion measurements. They should also be admitted to an intensive care unit postoperative
ly until haemodynamic stability has returned.

8. ECG monitoring should always be used. The electrodes should be placed in such a con
figuration that any myocardial ischaemia and cardiac arrhythmia is optimally displayed,
e.g. the CB5 configuration as described in chapter 2.9.

REFERENCES
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Chapter 2.14

MITRAL STENOSIS

Mitral stenosis is acondition restricting the flow ofblood into the left ventricle during
diastole. This restricts any elevation of cardiac output during physical exertion, or due to
any other cause. Restriction of left ventricular filling during diastole may be so severe that
a reduction ofcardiac output also occurs during rest. However it is not the reduction ofsys
temic cardiac output that causes most problems, but pulmonary congestion and oedema.
This is because left heart output does not increase to the same degree in response to agiven
stimulus as does the right heart output, as right heart function is well maintained in patients
with mitral stenosis [7].

PROBLEMS
1. Mortality.

The mortality associated with mitral stenosis is quite considerable, and gives a very
good idea of how serious the haemodynamic disorder may be [see table 2.14.1].

Table 2.14.1.
10 year survival after diagnosis of mitral stenosis. (Medi
cal treatment only)

All cases of mitral stenosis - 61-80% [1,2]

Symptomatic mitral stenosis - 30% [2]

NYHA class III mitral stenosis - 38% [1]

NYHA class IV mitral stenosis - 0% [1]
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2. Atrial fibrillation and embolization.
Atrial fibrillation occurs in 40% of patients with mitral stenosis, and is always as

sociated with a reduction of cardiac output [2, see also chapter 3.1]. The reduction of car
diac output due to onset of atrial fibrillation may be sufficient to render a previously
asymptomatic patient symptomatic.

In one postmortem study ofa randomsample ofpatientswith known premortem atrial
fibrillation aswell as mitralvalvular disease, 41%were found to have pathological evidence
of one or more arterial emboli [3]. In another study of a random series of patients with
premortem mitral stenosis, with or without atrial fibrillation, 9-14% had evidence of an
arterial embolism [2]. The conclusions to be drawn from these studies is that patients with
mitral stenosis alone have an increased risk ofdeveloping arterial embolic disease, and this
risk is approximately tripled by the advent of atrial fibrillation.

For these reasons atrial fibrillation in patients with mitral stenosis should be treated
aggressively, so that the degree of stasis in the left atrium is reduced, so lessening the chan
ces of thrombus formation within the fibrillating atria, as well as minimizing the effects of
atrial fibrillation onsystemichaemodynamics. Long termanticoagulant drug therapy should
also be instituted so as to further reduce the chance of left atrial thrombus formation.

Table 2.14.2.
Relationship ofclinical severity ofmitral stenosis caused disease to haemodyna
mic disorder. (Data are derived from references 4,5,6.)

NYHA
CLASS

VALVE
AREA

C.I. PCWP PVR SVR

Normal 3 2.5-3.6 5-13 20-120 770-1500
l(n=32) 1.6 3.2 16 226 629
lI(n=48) 1.2 2.7 18 395 914
III(n =30) 0.97 2.3 20 412 1263
IV(n=7) 0.7 2.0 24 1861 2881

VALVE AREA is in cm2

C.I. = cardiac index as l/min/m2•

PCWP = pulmonary capillary wedge pressure in mmH~.

PVR = pulmonary vascular resistance in dyne.sec.em" .
SVR = systemic vascular resistance in dyne.sec.cm"S'

3. Relation of symptoms to haemodynamlc disorder.
The clinical severity of mitral stenosis correlates with the valve area and the degree

of haemodynamic disorder as is shown in table 2.14.2. The normal area of the mitral valve
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is about 3 cm2• It is not until the valve area is reduced below 1.5 cm2 that clinical symptoms
become significant. Symptoms may occur at rest when the valve orifice area is below 1cm2

•

4. Effects of physical exertion, stress.
The cardiac output of persons with mitral stenosis of NYHA classes I-II functional

severity increases in proportion to the severity of any physical exertion [6]. But the cardiac
output ofpatientswith mitral stenosis ofNYHA classes ill-IV does not increase significant
ly in response to exercise [6], and the patients become symptomatic. The same applies to
haemodynamic changes due to other forms of stress such as pain, trauma, cold etc.

Pulmonary vascular pressures are often elevated in patients with mitral stenosis of
NYHA classes II-IV severity. While physical exertion can increase the cardiac output in
some patients with lesser degrees of mitral stenosis, symptoms can occur due to the dis
proportionately large increase of existing elevated pulmonary artery pressures induced by
exertion, which may rise so high that frank pulmonary congestion or oedema may occur [6].

5. Tachycardia.
The cardiac output of patients with mitral stenosis of NYHA classes I-ill functional

severity does increase when the heart rate rises. But this is not so in patients with mitral
stenosis of NYHA class IV severity in whom the cardiac output either does not change, or
actually decreases with inreasing heart rate, or physical exertion [6]. Patients with mitral
stenosis of NYHA functional class IV may be said to have a fixed cardiac output.

Sudden elevation of heart rate due to physiological stress such as surgery, pain, or
cold, are likely to be associated with a reduction of cardiac output, as these stimuli also in
crease the SVR.

Atrial contraction plays an important role in left ventricular filling in patients with
mitral stenosis. Diastolic filling of the left ventricle is aided by atrial contraction, and so is
not solely dependent on passive flow of blood through the narrowed amitral valve. So it is
not surprising that the onset of atrial fibrillation may convert a previously asymptomatic
patient to a symptomatic one, due to a reduction of the cardiac output [4, and chapter 3.1].

6. Change of systemic vascular resistance (SVR).
a. Increased 8VR.

Increased SVR in a person with mitral stenosis causes the cardiac output to decrease
in proportion to the elevation of the SVR [5]. In addition to the decreased cardiac output,
the pulmonary vascular pressures also increase, which can precipitate pulmonary conges
tion/oedema. SVR may be increased by a variety of stimuli.

• Vasoconstrictor drugs.
• Hypothermia.
• Pain, or surgical stress.
• Anxiety.

b. Deceased SVR.
Drugs that reduce the SVR induce no significant change, or at most a slight increase

of cardiac output, in patients with NYHA classes ill-IV mitral stenosis [5,8]. This
demonstrates the "fixed" nature of the cardiac output in persons with such severe mitral
stenosis. Mitral stenosis limits ventricular filling rate such that once maximum mitral val
vular flow is attained for a given left atrial pressure, the ventricular filling rate and hence
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cardiac output, can increase no further. Further reduction of the SVR causes the blood
pressure to fall. A good example of this is hypotension due to an infusion of sodium
nitroprusside in mitral stenosis patients with NYHA classes ill-IV disease at a dose which
has little effect on the MABP in normal persons [5,8]. This effect is also well described by
the equation below.

MABP =CO xSVR

(N.B. See Appendix-C for abbreviations)

7. Effects on drug kinetics.
The reduced cardiac output ofsevere mitral stenosis means that drug elimination will

be retarded [see chapter 15.2], with all the consequences of this.

ASSESSMENT
The important factors to keep in mind are listed below.

1. The functional severity of the mitral stenosis, and the type ofsurgery planned, determine
the level of monitoring

2. Patients with atrial fibrillation have a lower cardiac output than those with sinus rhythm
[4].

3. Patients with congestive cardiac failure are at high risk because of the presence of pul
monary vascular congestion or oedema, both ofwhich may be exacerbated in the periope
rative period.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Elective operation of any patient with atrial fibrillation, whose ventricular rate is greater
than 100 beats/min, should be delayed until the ventricular rate has been reduced below
100 beats/min [see chapter 3.1].

2. Anticoagulant therapy should be discontinued or reversed preoperatively so as to mini
mize the risk of haemorrhagic complications. Acceptable levels for haemostatic function
are given in chapter 6.3.

3. Anticholinergic drugs such as atropine should not be administered to patients with atrial
fibrillation as they may significantly increase the heart rate.

4. Preoperative sedation is not contraindicated. In fact some sedation is even desirable, as
it reduces any elevation of the SVR due to anxiety.

5. SBE prophylaxis is required for most operations.
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Anaesthesia.
1. The reduced cardiac output associated with the more severe grades of mitral stenosis
means that the elimination of most drugs is retarded. This should be taken into account
when considering repeat dosages of any drug.

2. Maintain the body temperature above 35°C, as hypothermia elevates the SVR. Po
stoperative shivering may elevate the oxygen consumption by as much as 500%, and in
creases the cardiac output as well as the SVR [9]. However the cardiac output cannot in
crease in patients with mitral stenosis ofNYHA classes ill-IV severity, and an elevation of
the SVR actually reduces it. As a consequence, peripheral oxygen transport is reduced in a
time when tissue oxygen consumption is increased by rewarming. The end result of this
physiologically disadvantageous combination is that tissue hypoxia is likely due to an inade
quate cardiac output.

3. Strict attention must be paid to perioperative fluid balance Flow through a narrowed
mitral valve is dependent on the maintenance of a left atrial pressure that is higher than
normal. If the left atrial pressure is reduced due to hypovolaemia, cardiac output will
fall. Such a fall will be more pronounced in patients whose cardiac output is maintained
only by means of elevation of the left atrial pressure, i.e. NYHA classes ill-IV mitral
stenosis [see table 2.11.2].

4. Low dosage infusions of vasodilator drugs such as sodium nitroprusside or nitroglycer
ine reduce the pulmonary vascular resistance and pressures. This reduces the likelihood of
pulmonary oedema, as well as allieviating existing congestion/oedema. The dosage used
must be adjusted according to the haemodynamic effects observed.

5. General anaesthesia and surgery in patients with NYHA classes ill-IV mitral stenosis
elevates the left atrial pressure, PVR, and SVR, as well as simultaneously reducing the car
diac output [8]. For this reason maximal monitoring is required for patients with NYHA
classes ill-IV mitral stenosis who are operated upon under general anaesthesia, and some
forms of loco-regional anaesthesia. Such monitoring should include a pulmonary artery
catheter so that central venous and pulmonary artery pressures, as well as the cardiac out
put and the SVR can be measured. The effects of any therapy to improve systemic
haemodynamics may then be more effectively monitored and adjusted.

The use of only central venous pressure monitoring to assess the pulmonary vascular
pressures is inadequate. Right heart function and pressures are normal even insevere mitral
stenosis, unless right heart failure is present [7].

6. Regional anaesthesia using techniques causing a significant reduction of SVR, such as
spinal and epidural anaesthesia, should be used with caution. Hypotension will occur if the
SVR decreases to a greater degree than can be compensated for by an elevation of the car
diac output. This is especially likely in persons with NYHA classes ill-IV disease, in whom
these techniques are contraindicated. Persons with mitral stenosis of NYHA classes I-II
functional severity may undergo these forms of anaesthesia as their cardiac output does in
crease when the SVR is reduced. Other regional anaesthetic techniques are not contrain
dicated in persons with mitral stenosis.
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7. There are several factors ofimportance to be consideredwhenconsidering general anaes
thesia in patients with mitral stenosis.

a. General anaesthesia should ideally only minimally affect myocardial contractility, while
causing only a slight to no reduction of the SVR.

b. A technique using controlled ventilation should be used to minimize the possibility of
hypoxaemia due to a reduced cardiac output and pulmonary congestion/oedema.

c. Induction and maintenance of anaesthesia should be done with drugs causing minimal
cardiovascular depression and alterations of systemic haemodynamics.

The selection ofappropriate drugs and anaesthetic techniques may be done using the
above guidelines and the tables in chapter 2.1.

Postoperative.
1. Patients with mitral stenosis of NYHA classes ill-IV severity who have undergone
moderate to major surgery, should be admitted to an intensive care unit postoperatively for
monitoring and therapy until their haemodynamic status has stabilized.

2. Postoperative mechanical ventilation with sedation and muscle relaxation should be
considered for patients with mitral stenosis of NYHA classes ill-IV who have a postoper
ative temperature of 3SoC or less. This will prevent elevation of the SVR and a reduction
of the cardiac output due to shivering. Mechanical ventilation may be discontinued once
normothermia has returned.
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MITRAL REGURGITATION

Mitral regurgitation is a valvular disease characterized by a heart where the systemic
cardiac output is determined by the relative resistances presented by pulmonary and sys
temic circulations during ventricular systole. Because of regurgitation through the mitral
valve, the left atrial and pulmonary vascular pressures are increased above normal. This
causes pulmonary congestion or oedema in more severe degrees of mitral regurgitation.

PROBLEMS
1. Mortality.

The mortality statistics shown in table 2.15.1 give a reasonably good idea of the mag
nitude of the haemodynamic disorder caused by mitral regurgitation.

Table 2.15.1.
Mortality after diagnosis of mitral insufficiency [1]. (Medical treat
ment only)

Acute mitral insufficiency may progress to death within
days.

Chronic mitral insufficiency - 5 year survival = 80%
- 10 year survival = 60%

2. Pulmonary congestion/oedema.
Acute and chronic mitral regurgitation elevate the left ventricular end diastolic pres

sure, pulmonary artery wedge pressure, and left atrial A-wave, V-wave, and mean pressures
[3,4]. As a result of these haemodynamic changes pulmonary congestion or oedema fre
quently occur in patients with mitral regurgitation.
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The principal consequence of these changes for the anaesthetist is that the supine or
prone positions will exacerbate any pulmonary congestion or oedema, thus making surgery
in these positions difficult or impossible for awake patients.

3. Effects of changes of left ventricular volume.
A reduction of both left ventricular and left atrial volumes decreases the functional

valve area, and hence the regurgitant fraction [3,4]. This in turn decreases the amplitude of
the left atrial V-wave, and allieviates any pulmonary vascular congestion [4].

Left ventricular and atrial volumes are reduced by a variety of factors.

• Tachycardia.
• Positive end expiratory pressure ventilation.
• Hypovolaemia.
• Drugs inducing tachycardia.
• Vasodilator drugs.

The reverse haemodynamic changes occurwhen the leftventricularand atrial volumes
increase.

4. Heart rate.
Tachycardia reduces both atrial and ventricular pressures throughout the cardiac

cycle, reducing the volumes ofboth the left atrium and ventricle, which decreases the func
tional mitral valve area, and so reduces the regurgitant fraction [3]. At ventricular rates
> 150 beats/min induced by atrial pacing, the amplitude of the left atrial V-wave increases
due to early atrial contraction, and this may exacerbate any pulmonary congestion [2]. Th
ese results correspond with those where tachycardia is induced with isoprenaline. But
isoprenaline, as opposed to atrial pacing, causes the left atrial V-wave amplitude to decrease
[3], a finding which corresponds to what is clinically observed during tachycardia in patients
with mitral regurgitation [4].

In conclusion, tachycardia alone cannot be regarded as causing deleterious
haemodynamic effects in patients whose mitral insufficiency is not accompanied by
coronary vascular disease.

5. Systemic vascular resistance.
a. Increased SVR.

Increasing the SVR has haemodynamically disadvantageous effects. The left atrial
and ventricular pressures are increased, with as a result, the volumes of these two cham
bers increases, as well as the area of the regurgitant mitral valve. The increased functional
valve area elevates the regurgitant fraction, and the cardiac output decreases [2,5]. Increa
sed left heart pressures may exacerbate any pulmonary congestion or oedema.

b. Decreased SVR.
Reduction of the SVR causes an improvement ofthe haemodynamic situation [3,6,7,

8]. The left atrial and ventricular pressures are decreased, reducing the the left atrial and
ventricular volumes as well as the functional mitral valve area This decreases the regur
gitant fraction, and the cardiac output increases. Because the pulmonaryvascular pressures
are also decreased by the reduced left heart pressures, any pulmonary vascular conges
tion/oedema present is also relieved.



Mitral regurgitation 97

6. Effects of volume loading.
Augmentation ofthe bloodvolume with an infusion ofabloodvolume expandingfluid

raises the left ventricular and atrial pressures, stroke volume, and cardiac output [2]. While
the increased cardiac output is advantageous, the elevation of the left heart pressures may
exacerbate or precipitate pulmonary congestion or oedema in those patients who are un
able to increase their cardiac output, Le. NYHA classes ill-IV patients.

7. Myocardial contractility.
Increasing the contractility ofthe myocardiumwith calcium or sympathomimetics im

proves the haemodynamic situation of persons with mitral regurgitation [2,5]. Left atrial
and ventricular pressures and volumes are decreased, which reduces the functional valve
area and regurgitant fraction, and so the cardiac output increases.

ASSESSMENT
Besides assessing the level of functional disability of the patient, special attention

should be paid to the presence of left ventricular failure. In particular, whether the patient
has orthopnea, pulmonary congestion or oedema. Patients with these problems are unable
to lie flat while awake because of the positional exacerbation of their condition. They are
usually unsuitable candidates for any regional anaesthetic techniques where the sittingposi
tion cannot be maintained.

Afurther practical point is that the medical treatment to which these patients are sub
jected for heart failure, may result in the patient coming to surgery both hypokalaemic and
hypovolaemic due to diuretic drugs.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Heart failure should be adequately treated prior to elective surgery [see chapter 2.8].

2. Preoperative sedation is not contraindicated except in patients who are hypoxaemic due
to pulmonary oedema. Most sedative drugs decrease the hypoxic and hypercarbic
respiratory drives and will exacerbate any existing hypoxaemia [see table 4.5.1].

3. Anticholinergic drugs may be administered, except to patients with an existing tachycar
dia, atrial fibrillation, or coronary vascular disease.

4. SBE prophylaxis is required for most forms of surgery.

Anaesthesia.
1. Patients with mitral insufficiency offunctional severity grade NYHAclasses ill-IV should
be maximally monitored. A pulmonary artery catheter should be used so that cardiac out
put, SVR, and pulmonary vascular pressures may be measured. Therapy is then more ef
fectively directed to correct haemodynamic abnormalities.

As with mitral stenosis, measurement of the central venous pressure is of limited
use. Right ventricular function and pressures are normal unless right ventricular failure has
occurred.
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2. The haemodynamic situation of the person with mitral regurgitation, with or without
heart failure, is improved by any drug regime which enhances myocardial contractilitywhile
reducing the SVR and the pulmonary vascular resistance (PVR). There are a large variety
of vasodilator and inotropic drugs available which are suitable, some of which are listed
below [see table 2.2.1].

a. Dobutamine alone. Dobutamine increases the cardiac output in addition to reducing the
SVR.

b. Dopamine + nitroglycerin or sodium nitroprusside. Dopamine has a positive inotropic
and chronotropic action, increasing the cardiac output, and elevating the SVR. The lat
ter effect may be reversed by a vasodilator.

c. Nitroglycerin or sodium nitroprusside alone. This reduces the SVR and PVR as well as
increasing the cardiac output.

The problem with using a vasodilator drug alone is that the arterial blood pressure
may be significantly reduced. This problem may be reduced by combining administration
of the vasodilator with an inotropic drug. Or by administration of a vasodilator together
with increasing the blood volume with an appropriate fluid, so that despite the vasodilation
the central venous and pulmonary capillarywedge pressure remain in the high normal range
[6].

3. Hypovolaemia should be prevented so that normal cardiac filling pressures and cardiac
output can be maintained.

4. Peroperative reduction of the body temperature below 35°C should be prevented.
Hypothermia itself increases the SVR, and postoperative shivering further elevates the
SVR and can increase the oxygen consumption by as much as 500% above normal [9].

But in patients with mitral regurgitation, the regurgitant fraction is increased byeleva
tion of the SVR. This limits any increase ofcardiac output required by the increased oxygen
consumption, making any elevation of peripheral oxygen deliver impossible, and tissue
hypoxia likely.

5. Regional anaesthetic techniques may be employed where appropriate. Persons with or
thopnea may be unable to lie flat and so are unsuitable candidates for regional anaesthetic
techniques where a recumbent position is required for the performance of any surgical pro
cedure.

Techniques which reduce the SVR, such as epidural or spinal anaesthesia have
haemodynamically advantageous effects. However as the magnitude of the SVR reduction
is unpredictable, these techniques are unsuitable for patients with mitral regurgitation of
NYHA functional severity classes ill-IV.

Unilateral spinal anaesthesia and all other forms ofregional anaesthesia may be used
in all patients with mitral regurgitation as they normally exert no profound systemic
haemodynamic effects.

6. Any selection of techniques and drugs for administration of general anaesthesia in
patients with mitral regurgitation must take a number of factors into account.
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a. A technique causing some slight reduction of SVR is ideal, as the cardiac output is in
creased together with a reduction in the regurgitant fraction. Provided that the reduc
tion of SVR is not excessive, the arterial blood pressure will not be greatly reduced.

b. A technique using controlled ventilation is best for most patients with severe mitral in
sufficiency. Controlled ventilation ensures adequate oxygenation despite the presence
of pulmonary congestion/oedema.

c. Induction of anaesthesia may be complicated by the fact that some patients will come for
surgery inahypovolaemic condition due to preoperative diuretic therapy. Hypovolaemia
exacerbates the cardiovascular depression due to anaesthetic drugs.

d. Drugs which have a powerful myocardial depressant effect, such as the halogenated
volatile anaesthetics, increase the ventricularvolume and hence the regurgitant fraction
too. By increasing regurgitant fraction they also decrease cardiac output, and may ex
acerbate any pulmonary congestion or oedema. For this reasonvolatile anaesthetic drugs
should be used with some caution in patients with severe grades of mitral regurgitation.

The selection of suitable anaesthetic drugs and techniques should be made using the
above guidelines, and the tables listing the systemic haemodynamic effects of anaesthetic
drugs in chapter 2.1.

Postoperative.
Patients with NYHA classes ill-IV disease should be admitted into an intensive care

unit postoperatively so that haemodynamic monitoring and therapy can be continued until
any haemodynamic disorder has resolved, and normal body temperature is restored.
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Chapter 2.16

MITRAL VALVE PROLAPSE

Mitral valve prolapse is a syndrome characterized by a systolic "click" and/or late sys
tolic murmur. These are caused by the mitral valve leaflets prolapsing into the left atrium
during systole. It is one of the most common valvular disorders, occurring in all age groups
and sexes in 1.4-6% of the population [1].

About 50-70% of patients complain of palpitations [1], and chest pain unrelated to
myocardial ischaemia occurs in about 33-50% [1].55% complain of dyspnea, and 60% ex
perience easy fatigability [4]. Noradrenaline and adrenaline production and plasma
concentrations in patients with mitral prolapse are twice as high as those in patients with
normal hearts [4].

PROBLEMS
1. Abnormal electrocardIogram (ECG).
a. Significant arrhythmias are observed in 66-75% of mitral prolapse patients when 24 hour
Holter monitoring is used [1,4].

b. The frequency with which cardiac arrhythmias occur, varies during the day, being direct
ly related to the plasma adrenaline and noradrenaline concentrations [4]. Arrhythmias are
more frequent in patients that are awake than those that are sleeping, and also occur more
frequently after physical exertion.

c. Tachyarrhythmias and premature ventricular contractions are the most frequently occur
ring types of arrhythmia. Premature ventricular contractions are observed in 33-70% of
patients [1,4].

d. 33% of patients have flattened or inverted T-waves in leads II, ill, AVF and V4-6.

e. Atrial fibrillation may occur in association with mitral prolapse, but usually only occurs
when there is also a degree ofmitral regurgitation too. Atrial fibrillation in association with
mitral valvular disease is associated with a much increased chance of developing systemic
arterial embolism [3]. Prevention of embolism secondary to intra-atrial thrombus forma
tion requires that these patients be chronically anticoagulated.

f. Physical exertion induces arrhythmias in 50-75% of patients with mitral prolapse
[1,4]. These arrhythmias vary from unifocal or multifocal premature ventricular premature
beats to ventricular tachycardia. The arrhythmias typically occur during isometric physical
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exertion, and after stopping isotonic physical exertion [4]. The frequency of occurrence of
exertion related arrhythmias is directly related to the exertion induced increase ofplasma
adrenaline and noradrenaline concentrations [4].

Because the frequency of arrhythmias is related to the plasma catecholamine con
centrations, it may be expected that trauma, anxiety and surgery will also induce arrhyth
mias. All these events also elevate plasma catecholamine concentrations.

2. Change of left ventricular volume [1].
a. Decreased left ventricular volume.

Areduction ofleftventricularvolume increasesnotonly the degree ofmitralprolapse,
but the valve begins to prolapse at an earlier phase of systole too. Manifestations of mitral
prolapse such as arrhythmias etc, are exacerbated or even precipitated by any factor reduc
ing left ventricular volume. There are various causes of reduced left ventricular volume.

• Sitting and standing.
• Hypovolaemia.
• Reduced SVR.
• Vasodilator drugs.
• Valsalva maneuver.
• Positive end expiratory pressure.
• Tachycardia.
• Drugs inducing tachycardia, such as atropine.

b. Increased left ventricular volume.
Factors increasing left ventricular volume decrease the degree of mitral valve

prolapse. Because of this the frequency of arrhythmias is reduced. Various factors cause
the left ventricular volume to increase.

• Lying flat, either prone or supine.
• Hypervolaemia.
• Increased SVR.
• Vasoconstrictor drugs.
• Bradycardia.
• Drugs inducing bradycardia, e.g. B-adrenergic blocking drugs.

ANAESTHETIC MANAGEMENT [1,2]
The aim of the anaesthetist is to minimize the frequency of any prolapse manifest

ations by maintaining a normal left ventricular volume and preventing further prolapse of
the mitral valve.

Preoperative.
1. Discontinue any anticoagulant drug preoperatively.

2. SBE prophylaxis is required for most patients.
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3. Patients with frequent arrhythmias should be considered for preoperative therapy with
B-blocking drugs. Propranolol administered at a dosage of 10 mg four times a day is usual
lyeffective in controlling mitral prolapse induced arrhythmias [1]. This is probably related
to both the bradycardia inducing effects of this drug, and also to the catecholamine block
ing effect.

4. Sedative or opiate drugs may be administered preoperatively so as to diminish tachycar
dia secondary to anxiety.

5. Administer no atropine preoperatively, as this increases the heart rate, which may cause
arrhythmias.

Anaesthesia [1,2].
1. Position is important. Operations in the sitting, or antitrendelenburgposition are not ad
visable because of the arrhythmias that may be induced by these positions secondary to a
reduction of left ventricular volume.

2. Tachycardia and most arrhythmias may be treated with B-blocking drugs. Arrhythmias
should be treated specifically if therapy with B-blocking drugs is ineffective.

3. Regional anaesthetic techniques such as spinal or epidural anaesthesia should be used
with caution, because of the reduction of SVR with secondary reduction of left ventricular
volume that they may cause. If regional anaesthetic techniques are used, the patient should
be adequately sedated to prevent any tachycardia due to anxiety.

4. There are some factors to be considered when administering general anaesthesia to
patients with mitral prolapse.

a. Atechnique should be used where the patient is mechanicallyventilated. This minimizes
the chance that arrhythmias occur due to elevation ofplasma catecholamine concentra
tions secondary to hypercapnia induced by hypoventilation.

b. Anaesthetic vapors cause a reduction of the SVR, and by causing myocardial depression
they also induce a degree of leftventricular dilation. The latter is beneficial as it reduces
the degree ofmitral prolapse. However when they are used at still higher concentrations
they may reduce the SVR by such an amount that mitral prolapse may be exacerbated.

c. Induction of sleep is perhaps best done using a drug such as etomidate. This latter drug
causes minimal myocardial depression and vasodilation in comparison with the other
drugs available for anaesthetic induction [see chapter 2.1]. Ketamine is an unsuitable
drug because of the tachycardia it induces.

d. A B-blocking drug such as pindolol or propranolol may be administered during anaes
thesia to prevent or minimize tachycardia and arrhythmias due to stress.

Selection of the most appropriate anaesthetic techniques and drugs may be done
taking the considerations listed in this chapter into account, and the systemic
haemodynamic effects of anaesthetic drugs listed in chapter 2.1.

5. Carefully replace any fluid and blood losses so as to minimize the chance ofhypovolaemia
occurring. Hypovolaemia reduces the cardiac volume and exacerbates mitral prolapse.
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Postoperative.
Postoperative therapy is dependent on the clinical condition of the patient and the

nature of the operation.
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Chapter 2.17

AORTIC STENOSIS

Aortic stenosis represents a condition in which flow ofblood out of the left ventricle
into the aorta is limited by the flow resistance presented by a narrowed aortic valve. This
limits any increase ofcardiac output in patients with more severe degrees ofaortic stenosis,
and so the cardiac output is said to be ''fixed'' in these patients. In more severe degrees of
stenosis the cardiac output is reduced below normal levels even at rest [see chapter 3.1 for
clinical manifestations of reduced cardiac output].

Angina pectoris occurs in 35-50% of patients [1], and congestive cardiac failure in
33% [2]. Syncopal attacks may occur in about 30% of NYHA classes II-IV patients with
aortic stenosis [1,2].

PROBLEMS
1. Mortality.

The mortality of aortic stenosis is higher than for the other valvular disorders, except
for combined valvular disorders. As has already been mentioned, the mortality statistics
also give a very good idea of the degree of haemodynamic disorder caused by the disease
[see table 2.17.1].

Table 2.17.1.
Mortality after diagnosis of aortic stenosis [3]. (Medical treatment
only)

All patients - 5 year survival = 38%
- 10 year survival = 20%

Symptomatic patients - average survival = 5 years

With Angina pectoris, Dyspnea, Congestive cardiac
failure, or Syncope. Average survival = 1.5-3 years
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2. Relation of clinical status to haemodynamlc disorder.
The normal aortic valve area in an adult is about 2-4 cm2

. If the valve area is reduced
below 1 cm2, left ventricular systolic pressure begins to increase, as does the peak systolic
ventriculo-aortic pressure gradient (normal gradient =0mmHg) [3]. Patients with systolic
ventriculo-aortic pressure gradients greater than 40-50 mmHg are more likely to have sig
nificantsymptoms and haemodynamicdisorder, and often haveafunctional disordergraded
in the range NYHA functional classes ill-IV [see below in this chapter for discussion].

3. Angina pectoris.
Angina pectoris occurs in35-50% ofpatientswith aortic stenosis, because the myocar

dium of persons with aortic stenosis has a lower blood flow per unit mass of muscle than is
the case in persons with normal hearts [1]. This predisposes to the development of myocar
dial ischaemia.

Myocardial ischaemia may be treated as usual by infusion of vasodilator drugs. But
these drugs may also markedly reduce the arterial blood pressure in persons with severe
aortic stenosis, because the cardiac output does not increase significantly in patients with
aortic stenosis of NYHA classes ill-IV severity who are administered vasodilator drugs
[4,5,6]. Unfortunately, hypotension may also induce myocardial ischaemia.

In general, administration ofvasodilator drugs for treatment ofmyocardial ischaemia
in patients with aortic stenosis should be done cautiously regardless of the clinical severity
of the disease. Only short acting vasodilators such as nitroglycerine or sodium nitroprus
side administered by intravenous infusion should be used as their effect is rapidly ter
minated after stopping the infusion. The infusion rate should be cautiously increased until
myocardial ischaemia is allieviated.

4. Congestive cardiac failure.
Chronic excessive overloading ofthe left ventricle by severe aortic stenosis causes left

ventricular failure in33% ofpatients [2]. Leftventricular failure is exacerbated by increased
SVR, such as may occur during anaesthesia and surgery.

5. Syncope.
Syncopal episodes occur in about 33% ofpatients with aortic stenosis of NYHA clas

ses II-IV functional severity [1,2]. The cause is either an abnormal nonfunctional cardiac
rhythm, or a period of inadequate cardiac output.

The cardiac output of patients with severe, (NYHA ill-IV), aortic stenosis does not
increase with an increased heart rate [7], or in response to vasodilation [5,6], and decreases
as a result ofvasoconstriction [8]. Patients may experience tissue hypoxia in situationswhere
oxygen requirement exceeds the ability of the cardiac output to supply oxygen saturated
blood, e.g. physical exertion, shivering due to hypothermia. If tissue hypoxia is severe
enough, unconsciousness, cardiac arrhythmias, or both occur.

6. Tachycardia.
Tachycardia up to a rate of 135 beats/min in patients with aortic stenosis with a mean

aortic valvular gradient of40 mmHg or more causes no change in cardiac output or arterial
blood pressure, but the left ventricular end-diastolic pressure and stroke volume do
decrease [7]. Accordingly, tachycardia as such does not exacerbate the haemodynamic dis
order due to aortic stenosis, and infact betters it by reducing chamberpressures in the heart.
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But patients with significant coronary vessel disease may develop myocardial is
chaemia as a result of increased oxygen consumption due to tachycardia. Myocardial is
chaemia of sufficient severity also reduces the cardiac output.

7. Systemic vascular resistance.
a. Increased 8VR.

Increasing the SVR elevates the systemic blood pressure, cardiac stroke work, left
ventricular pressures, and decreases cardiac output [8]. This can exacerbate or precipitate
angina pectoris and cardiac failure.

b. Decreased 8VR.
A ventriculo-aortic systolic pressure gradient of more than 40-50 mmHg is an in

dicator of a "fixed" cardiac output. This has been well demonstrated by the observation that
administration ofvasodilator drugs to persons with a ventriculo-aortic gradient of less than
40 mmHg does cause the cardiac output to increase [4], but does not elevate the cardiac
output in persons with a gradient of more than 50 mmHg [5,6]. Reduction of the SVR in
persons with a cardiac output that cannot increase, decreases the arterial blood pressure.
This is also able to be inferred from the formula below.

MABP =CO x SVR

[See Appendix-B for abbreviations].

ASSESSMENT
During the normal clinical assessment, special attention must be paid to the occur

rence ofheart failure, angina pectoris, and syncopal attacks. These latter indicate that there
is minimal ability for baroreflex compensation for anaesthesia and surgery induced
haemodynamic changes, which may induce myocardial ischaemia, exacerbate heart failure,
or further reduce the cardiac output. This is especially likely in those patients with aortic
valvular pressure gradients in excess of40-50 mmHg, or those with NYHA functional clas
ses ill-IV disease.

ANAESTHETIC MANAGEMENT
Preoperative.
1. SBE prophylaxis is required for most forms of surgery.

2. Administer sedative drugs preoperatively to prevent elevation ofthe SVR due to anxiety.
This may induce or exacerbate angina pectoris or heart failure.

3. There is no contraindication to the use of any anticholinergic drug, even
atropine. However it is advisable not to administer atropine to those patients with known
myocardial ischaemia, as a tachycardia may induce angina pectoris.
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Anaesthesia.
1. Maintain normovolaemia. Hypovolaemia elevates the SVR, reduces left atrial and
ventricular pressures as well as filling, which decreases the cardiac output.

2. Body temperature should be maintained above 35°C. Hypothermia elevates the SVR,
reducing the cardiac output, while postoperative shivering further increases the SVR and
may increase oxygen consumption by up to 500% [9]. In the latter situation, actual tissue
hypoxia may occur due to inability to increase the cardiac output.

3. Should an inotropic drug be required, dobutamine is the drugof choice. This drug in
creases the cardiac output without greatly increasing the heart rate or elevating the SVR.
In fact it even slightly reduces the SVR. This is unlike dopamine, which may actually reduce
the cardiac output due to elevation of the SVR, in addition to which dopamine also causes
a tachycardia [see chapter 2.2].

4. Any anaesthetic procedure may cause acute hypotension. This is due to depression of
cardiac output, reduction of the SVR, or both. Hypotension may induce myocardial is
chaemia in those with significant coronary vascular disease. For this reason it is recom
mended that avasoconstrictor drug be rapidly available to restore normotension should sig
nificant hypotension occur. The drug usually recommended for this purpose is
phenylephrine, (0.1-0.2 mgl70 kg administered as an Lv. bolus). This drug is a pure Ct
adrenoreceptor agonist, and increases the SVR and arterial blood pressure, but simul
taneously causes a baroreflex mediated reduction of cardiac output. The physiological ad
vantage gained by administration of phenylephrine or other Ct-adrenoreceptor agonists is
simply that the cerebral and myocardial perfusion increase as a result of the elevation of
arterial blood pressure.

5. Patients with NYHA functional classes ill-IV aortic stenosis, those with myocardial is
chaemia, heart failure, and a history of syncopal attacks, should be optimally monitored in
the perioperative period. A pulmonary artery catheter should be used so that administra
tion of any vasoactive drug therapy may be more effectively guided.

As with mitral valvular disease, central venous pressure does not correlate with the
left atrial pressure, as right heart function is normal until late in the course ofaortic stenosis.

6. Regional anaesthetic techniques causing a reduction of the SVR, e.g. epidural and spinal
anaesthesia, should be used with caution, if at all, in patients with NYHA functional clas
ses ill-IV disease. The magnitude of reduction of the SVR is unpredictable. Severe, dif
ficult to manage hypotension may occur as the cardiac output is unable to increase in
response to any reduction of SVR.

Other regional anaesthetic techniques are not contraindicated, and in fact are to be
preferred where possible, as they cause minimal changes of systemic haemodynamics.

7. Several factors are important to consider when deciding on a suitable anaesthetic tech
nique and drugs to use when administering general anaesthesia to patients with aortic
stenosis.

a. The ideal systemic haemodynamic situation duringanaesthesia is one where there is min
imal use ofmyocardial depressant drugs, minimal to no reduction of the SVR, but at the



108 Chapter 2.17

same time no elevation of the SVR. All these factors combine to maintain cardiac out
put and blood pressure in patientswith NYHA functional classes ID-N disease. Patients
with NYHA classes I-II disease may be administered anaesthesia much as any patient
with a normal heart.

b. A technique using controlled ventilation should be used so as to guarantee adequate
oxygenation in the face ofpossible heart failure or pulmonary congestion. These may be
exacerbated by the prone or supine positions.

Selection ofthe most appropriate drugs and techniques to use for general anaesthesia
may be done using the tables listing the systemic haemodynamic effects ofanaesthetic drugs
and techniques in chapter 2.1.

Postoperative.
1. All patients with severe aortic stenosis of NYHA functional classes ID-N should be ad
mitted to an intensive care unit postoperatively for monitoring and therapy of any
haemodynamic disorder until cardiovascular stability has been restored.

2. Postoperative mechanical ventilation using adequate analgesia, sedation and muscle
relaxation should be considered for those patients with NYHA classes ID-N disease who
have a postoperative temperature of less than 3SoC. This will prevent further elevation of
the SVR due to shivering. Once normal body temperature has returned, mechanical ven
tilation may be discontinued.
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Chapter 2.18

AORTIC REGURGITATION

Aortic regurgitation is a relatively ''benign'' valvular disease in comparison with some
of the other valvular disorders. It is characterized by a large pulse pressure, (Corrigan's
pulse, or Water hammer pulse), due to regurgitation ofblood through the insufficient aor
tic valve. The disorder causes left ventricular dilation, and hypertrophy, and is associated
with elevated left ventricular and atrial pressures which cause pulmonary vascular conges
tion. Eventually congestive cardiac failure and death may occur.

PROBLEMS
1. Mortality.

As with the other forms ofvalvular heart disease, the mortality statistics shownin table
2.18.1 for the various grades ofseverity ofaortic regurgitation provide some insight into the
severity of the haemodynamic disturbance.

Table 2.18.1.
Mortality after diagnosis of aortic regurgitation [1]. (Medical treatment
only).

Acute aortic regurgitation.
Death usually occurs within a period of hours to days

Chronic aortic regurgitation.
All cases - 75% survive 5 years.

- 50% survive 10 years.

Aortic regurgitation + congestive cardiac failure.
- most patients are dead after 2 years.

Aortic regurgitation + angina pectoris.
- average survival is about 5 years.
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2. Congestive cardiac failure.
The onset of congestive cardiac failure has a profound effect on the prognosis of aor

tic regurgitation, causing death inmost patientswith aorticregurgitationwithin2years after
its onset [see table 2.18.1]. The factors predisposing to developing congestive cardiacfailure
in patients with aortic regurgitation are listed in table 2.18.2.

Table 2.18.2.
Factors predisposing to patients with aortic regurgitation develop
ing congestive cardiac failure within 10 years [2].

Parameter

Left ventricular enlargement

2 or more ECG abnormalities

% Developing
failure

20-35%

35%

Left ventricular enlargement
+
2 or more ECG abnormalities
+
DABP < = 40 mmHg +/- SABP > = 140 mmHg 60%

3. Angina pectoris.
The development ofmyocardial ischaemia also has adeleterious effect upon the prog

nosis of aortic regurgitant disease [see table 2.18.1].

4. Heart rate.
Elevation ofheart rate and tachycardia reduce left ventricular pressures and volume,

decreasing the functional valve area, which reduces the percentage regurgitation and so in
creases the cardiac output [3]. Pulmonary congestion and oedema are allieviated by these
changes. Bradycardia has the reverse effects.

5. Systemic vascular resistance.
a. Increased SVR.

Increasing the SVR ofpatients with aortic regurgitation offunctional severity NYHA
classes I-III elevates left ventricular pressures, so increasing left ventricular volume, and
with it the functional aortic valve area, which in turn increases the regurgitant fraction and
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so decreases the cardiac output [4J. All these changes exacerbate the existing
haemodynamic disorder.

b. Decreased 8VR.
Reduction of the SVR in patients with aortic regurgitation of functional severity

NYHA classes II-IV decreases pulmonaryvascular pressures and left ventricular pressures
and volumes, so reducing the functional aortic valve area, decreasing the regurgitant frac
tion and so increasing the cardiac output [5,6J. While the cardiac output does increase,
arterial blood pressure may not be maintained if the SVR is excessively reduced [5J. The
overall effect of SVR reduction is an improvement of systemic haemodynamics.

6. Physical exertion.
Ingeneral, physical exertion is well tolerated by personswith aortic regurgitation, and

the level ofexertion able to be tolerated correlateswith the ability to tolerate general anaes
thesia and surgery. The cardiac output and pulmonary artery pressures increase, while the
SVR decreases slightly in patients with aortic stenosis of functional severity of NYHA clas
ses I-ill who engage in any physical exertion [6J. However, exacerbation ofpulmonaryvas
cular congestion is a problem during physical exertion, and is the main factor limiting ex
ercise tolerance.

ASSESSMENT
Special attention should be paid to the presence of congestive cardiac failure, angina

pectoris and multiple EeG abnormalities. Diuretics used to treat congestive cardiac failure
may cause hypovolaemia [see chapter 14.4J.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Preoperative congestive cardiac failure should be optimally treated prior to any elective
surgery.

2. Preoperative sedation is desirable so as to avoid the haemodynamically disadvantageous
consequences of anxiety, i.e. arrhythmias and elevation of SVR. Patients who are
hypoxaemic due to heart failure etc, should not receive any sedative drugs preoperatively.

3. Anticholinergic drugs may be administered preoperatively, unless the patient has atrial
fibrillation or flutter, or coronary vascular disease.

4. SBE prophylaxis is required for most operations.

Anaesthesia &postoperative.
Same as for mitral regurgitation.
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Chapter 2.19

INTRACARDIAC SHUNTING

Shunting may occur at atrial, ventricular, and arterial levels, or wherever there is a
communication between the left and right hearts. The direction of the principal volume of
blood flow through the shunt determines whether it is from left-to-right (LTR) or from
right-to-Ieft (RTL).

In LTR shunting blood flows from the left heart into the right, causing the pulmonary
blood flow to be greater per unit time than that in the systemic circulation, which is usual
ly normal or near normal.

In RTL shunting blood flows from the right heart into the left, causing the systemic
blood flow to be greater per unit time than that through the pulmonary circulation, which
is lower than normal, or near normal.

CAUSES
Intracardiac shunting is usually congenital in origin. The most common disorders and

their relative frequencies are shown in table 2.19.1.

Table 2.19.1.
Relative frequencies of the most common congenital disorders caus
ing intracardiac shunting.

Disorders causing shunting [1].
Ventricular septal defect (VSO)
Patent ductus arteriosus
Atrial septal defect (ASO)
Tetralogy of Fallot
Pulmonary stenosis

Potential cause of shunting [2].
Patent foramen ovale

17%
14.5%
17.5%
14.5%
13%

20%



114 Chapter 2.19

LEFT-TO-RIGHT SHUNTING
Clinical features.

The major causes of this are atrial septal defect (ASD), ventricular defect (VSD), and
patent ductus arteriosus.

Usually pressures in the left atrium and ventricle are higher throughout the cardiac
cycle than in the right heart. This causes blood to flow through any atrial or ventricular
defect present into the right atrium or ventricle, as a result of which the pulmonary blood
flow is greater than the systemic blood flow. Ratios ofpulmonary to systemic blood flow of
two and more, are associated with clinically significant disease [3,4]. Similarly, the pul
monary artery pressures are also directly related to the severity of the disease, mean pul
monary artery pressures above 20 mmHg being associated with clinically significant disease
in patients with ASD [3] and VSD [4].

Problems.
1. Pulmonary congestion/congestive heart failure.

Patients with high pulmonary/systemic flow ratios, and high pulmonary arterial pres
sures often have pulmonary congestion or oedema. Heart failure may occur, and in fact
about 22% of adult patients with ASD have congestive heart failure, and 74% are dyspneic
due to pulmonary congestion [3].

2. Systemic vascular resistance.
Increasing the SVR causes the magnitude of the shunt to increase, due to the result

ing elevation of left atrial and ventricular pressures. This exacerbates any pulmonary con
gestion or oedema present. Reducing the SVR has the reverse effect.

Both ASD and VSD are diseases that frequently progress to more severe forms where
the pulmonary vascular resistance (PVR) increases until the direction of the shunt rever
ses, causing RTL shunting with all the consequences of this. Extreme reduction of the SVR
may in theory cause shunt direction reversal in patients with clinically more severe forms
of ASD or VSD.

3. Pulmonary vascular resistance (PVR).
Elevation of the PVR, e.g. with positive pressure ventilation or PEEP, reduces the

degree of LTR shunting. The reverse occurs with reduction of the PVR.

Anaesthetic management.
1. The principles of anaesthetic management are similar to those for mitral regurgi
tation. The possibility of shunt reversal, and the effects of SVR as well as PVR changes
should be taken into account.

2. SBE prophylaxis is required for most operations.

RIGHT-TO-LEFT SHUNTING
Clinical features.

RTLshunting maybe caused by reversalofthe LTR shunting ofASD, VSD and patent
ductus arteriosus as a result of progressive elevation of the PVR, Le. Eisenmenger's
syndrome [5]. Other major causes are the other major congenital heart diseases as listed in
table 2.19.1.
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The foramen ovale is not sealed shut in 20% of adults (i.e. it is "probe patent"), and
functions as a valve kept shut by the left atrial pressure which is normally higher than that
in the right atrium. Elevation of right atrial pressures, by pulmonary embolus, PEEP,
hypoxia, volume overloading, and right heart failure, inpersons with apatent foramen ovale
may also cause RTL shunting. This may be the cause ofsudden unexplained hypoxaemia in
some patients, especially hypoxaemia which is unresponsive to oxygen [2].

Typically, the pulmonary arterial blood flow is equal to, or less than the systemic blood
flow. The degree of physical disability is inversely related to the relative resistances of the
pulmonary and systemic circulations, a PVR/SVR ratio of 0.5 and more being associated
with clinically significant heart disease in patients with VSD [4]. Patients with Eisenme
nger's syndrome due to all causes have clinically significant heart disease when the pul
monary artery pressure approaches the arterial blood pressure [5].

Problems.
1. Hypoxaemia.

Hypoxaemia is common, being present in 50% and more ofpatients with Eisenmeng
er's syndrome [5], and 64-100% ofpatients with tetralogy ofFallot [1]. It is a manifestation
of low pulmonary blood flow relative to systemic blood flow, and as such is directly related
to the magnitude of the shunting.

2. Embolic disease.
Cerebral abscesses, due to passage of bacteria from the venous into the arterial cir

culation.
Embolism, usually cerebral, may occur due to passage ofemboli from the venous into

the arterial circulation.

3. Systemic vascular resistance.
Decreasing the SVR increases the degree of RTL shunting, and consequently any

hypoxia. The hypoxia in these cases is resistant to oxygen therapy.
Increasing the SVR decreases the degree of RTL shunting, improving pulmonary

blood flow relative to systemic blood flow. This has the effect of improving peripheral
oxygenation.

Anaesthetic management.
1. Preoperative sedation is not advisable in patients who may already be hypoxaemic.

2. General anaesthesia should be administered with the object of maintaining the SVR at
the preoperative level, if not higher, so as not to exacerbate the degree of RTL shunting
and hypoxia. The tables in chapter 2.1 may be used to guide the choice of anaesthetic drugs
and techniques.

3. Always have a vasoconstrictor drug immediately available during any anaesthetic or sur
gical procedure in case hypoxia suddenly occurs, or is exacerbated by the procedure. If
hypoxia occurs during the perioperative period that is resistant to oxygen therapy, then its
most likely cause is worsening, or precipitation of RTL shunting. Administration of the
vasoconstrictor drug will elevate the SVR, and reduces the severity of the RTL shunt
present, e.g. methoxamine 2 m'EflO kg.
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4. Hypovolaemia should be prevented, as it results in reduced left ventricular and atrial
pressures, which will exacerbate any RTL shunt.

5. When injecting any drugs, ensure that no air bubbles are injected. Arterial embolization
with possible disastrous neurological damage may occur. The same applies to particulate
emboli too. Clearing a blocked infusion cannula by flushing the thrombus into the venous
circulation may also have disastrous consequences. In the latter situation it is better to in
sert a new intravenous cannula.
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Part 3

CARDIAC ARRHYTHMIAS & ANAESTHESIA

Disorders of cardiac rhythm occur frequently during anaesthesia as a result of exist
ing cardiac diseases, electrolyte disorders, hypoxaemia, anaesthetic drugs, increased sym
pathetic activity etc. The anaesthetist should be familiar with the diagnosis and treatment
of all but the most complicated arrhythmias.

This section contains a practically oriented discussion of common arrhythmias
together with indications and guidelines for their treatment. The reader is assumed to al
ready have some knowledge ofBeG diagnosis of the more common arrhythmias, as this is
beyond the scope of this work, in addition to which there are many excellent books on this
subject which can be referred to.

The various aspects of the management of cardiac arrhythmias covered are listed
below.

• Why is it necessary to treat cardiac arrhythmias?

• When is it necessary to treat a given cardiac arrhythmia?

• What is the treatment, and why?

• Does a given arrhythmia affect the perioperative management of the patient?
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Chapter 3.1

CARDIAC ARRHYTHMIAS· GENERAL

Except for arrhythmias such as sinus arrhythmia, sinus tachy- or bradycardia, a car
diac arrhythmia is the product ofabnormal electrical activation and/or intracardiac conduc
tion. The latter group of arrhythmias causes the heart to contract in an abnormal manner.
While it is true that all arrhythmias do cause abnormal myocardial function, not all arrhyth
mias require treatment, as the effects of many arrhythmias are such that they exert a mini
mal effect on systemic haemodynamics. Treatment of cardiac arrhythmias is really only in
dicated for three main reasons.

• The arrhythmia significantly reduces the cardiac output, so reducing peripheral
oxygen and metabolic substrate transport, e.g. rapid atrial fibrillation.

• The arrhythmia causes myocardial ischaemia, e.g. a tachycardia.

• The arrhythmia is associated with a poor prognosis, e.g. ventricular tachycardia.

HAEMODYNAMIC EFFECTS OF ARRHYTHMIAS
The haemodynamic effects of arrhythmias are due to a low cardiac output, and the

physiological consequences ofthis. Alow cardiac output causes symptoms and signs related
directly to the low output, and baroreflex mediated increased sympathetic nervous activity.
The clinical manifestations in conscious persons are listed below.

a. Minimal or normal levels of physical exertion cause rapid exhaustion. The patient may
feel chronically tired.

b. Pale or "ashen-grey" hands, face and skin, due to increased sympathetic nervous activity
causing peripheral vasoconstriction.

c. Sweating, due to increased sympathetic nervous activity.
d. The patient may feel anxious or nauseated, as a result of increased sympathetic nervous

activity and increased plasma catecholamine concentrations.
e. Subjective feelings such as weakness, or a feeling of faintness may be experienced. Con

sciousness may be reduced in very low output states.
f. The patient may hyperventilate as a response to hypoxaemia and tissue hypoxia.
g. Blood pressure may be normal, or, ifperipheral vasoconstriction is inadequate, hypoten

sion may occur.
h. Heart rate depends on the specific arrhythmia.
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FIGURE 3.1.1. - Stroke volume is related to ventricular rate in healthy patients subjected to
both sequential atrioventricular pacing and ventricular pacing. The upper line is the regression
line for sequential atrioventricular pacing, Y = 120 - 0.66 x X, (r = 0.79). The lower line is the
regression line for stroke volume due to ventricular pacing, Y = 114 - 0.66 x X, (r = 0.79). The
data used are from P.Samet et a1.[2].

1. Loss of the "atrial kick".
Diastolic filling of the ventricles is mostly passive. Blood flows from the atria down a

pressure gradient into the ventricles. Atrial contraction in the last third ofdiastole increases
ventricular end diastolic volume, and contributes about 6-40% ofthe cardiac output at heart
rates between 40-150 beats/minute [1,2]. Atrial facilitation of cardiac output is called the
"atrial kick", "atrial assist", "atrial conduction", or "atrial transport". The percentage incre
ment of the cardiac output caused by atrial contraction during diastole increases in direct
proportion to the heart rate, and is lower in people with normal hearts than in patients with
heart disease [1]. Human studies of persons subjected to ventricular as well as sequential
atrioventricular pacing in the same experimental session [1,2], have shown that the incre
ment of the stroke volume due to atrial facilitation of ventricular filling was found to vary
with the ventricular rate in the manner shown in figures 3.1.1 and 3.1.2 [2].

An "atrial kick" is absent in rhythms where the atria do not contract, or contract in the
wrong part of the cardiac cycle, e.g. atrial flutter or fibrillation, nodal rhythms, etc. Figure
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3.1.2 shows that at heart rates below 100-110 beats/minute the difference in stroke volume
between patients with, and without an "atrial kick" is minimal, being less than 10%. At
ventricular rates greater than 100-110 beats/minute the difference becomes significant, be
coming even more pronounced at higher heart rates. Cardiac output in patients with no
"atrial kick" falls when the ventricular rate rises above 100-120 beats/minute [see fig. 3.1.3],
and in some cases hypotension occurs. Induction of anaesthesia, or reduction of the sys
temic vascular resistance under these circumstances exacerbates the situation further.
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FIGURE 3.1.2. - This figure shows the relationship between the percentage of the stroke
volume due to atrial contraction during sinus rhythm, and the heart rate. The curve is described
by the equation Y = 600/(120 - 0.66 x X). The equation is derived from the regression lines of
figure 3.1.1.

2. Altered heart rate.
In the normal awake active person, cardiac output is directly proportional to the whole

body oxygen consumption, which in its turn is directly proportional to the activity level and
metabolic rate [6]. But a person at rest in bed, or under anaesthesia, is in quite a different
situation. The oxygen consumption under these circumstances is relatively constant, and so
is the cardiac output. Any alteration of cardiac output under these circumstances is due to
changing blood volume, systemic vascular resistance, myocardial contractility and heart
rate. In the situation where the oxygen consumption, myocardial contractility, blood
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FIGURE 3.13.• Cardiac output is shown related to the ventricular rate for normovolaemic
patients at rest with a relatively constant systemicvascular resistance and whole body oxygen con
sumption. The curves were constructed using equations 2 and 3. The cardiac output of persons
without atrial augmentation of the stroke volume is significantly less than that ofpersons with an
atrial "kick", except at lower ventricular rates. This relationship between heart rate and cardiac
output is generaIly applicable to all persons at rest with a constant whole body oxygen consump
tion and systemicvascular resistance, although the actual position ofthe curvesand the magnitudes
of the outputs do vary from one person to another.

volume, and systemicvascular resistance are relatively constant, the cardiac output is a func
tion of the heart rate and rhythm.

This relationship has been investigated in normal persons [1], patients with heart dis
ease [1], and patients with total heart block [2], who were subjected to both sequential
atrioventricular pacing, or ventricular pacing at various rates while at rest. Cardiac output
and stroke volume was always higher during sequential atrioventricular pacing, than during
ventricular pacing alone, and cardiac output was directly proportional to the ventricular
rate, until the ventricular rate exceeded 80-100 beats! minute [1,2, fig. 3.1.3].

The relationship between heart rate, stroke volume and cardiac output is in part ex
pressed by equation 1.
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CO = SV x HR .••••••(1)

(See Appendix-A for abbreviations).

The regression equations for the relationship of the stroke volume to heart rate in
figure 3.1.1 may be used to express the relationship of the cardiac output to ventricular rate
(VR) [see graphs in fig. 3.1.3, and data from reference 2].

Atrioventricular pacing: CO =VR x (120·0.66 x VR) ....•.(2)

Ventricular pacing alone: CO =VR x (114 • 0.66 x VR) ••.•..(3)

Itshould be stressed that these are regressionequations derived for patientswith total
heart block undergoing atrioventricular or ventricular pacing at different rates while at rest
in bed [2]. Because of this these equations are NOT APPLICABLE TO PERSONS WHO
ARE NOT AT REST IN BED OR UNDER ANAESTHESIA.

However within these limitations, figure 3.1.3 and equations 2 and 3 do show the
relationship between heart rate and cardiac output for normovolaemic patients at bed rest,
or under anaesthesia, with a relatively constant systemic vascular resistance and whole body
oxygen consumption. The exact cardiac output associated with a given heart rate will of
course vary from one patient to another. But some conclusions may be drawn which are ap
plicable to adults who are at rest in bed, or under anaesthesia.

• Cardiac output is always greater at any heart rate if there is augmentation of the
stroke volume by atrial contraction. This difference is more pronounced at
ventricular rates greater than 80-100 beats/minute.

• Cardiac output increaseswith increasingventricular rates until apeak cardiac out
put is achieved at a ventricular rate of about 80-100 beats/minute.

• At ventricular rates of about 120-140 beats/minute, the cardiac output is about
the same as that at a ventricular rate of 50 beats/minute, and at rates greater than
this the cardiac output is lower than at 50 beats/minute, decreasing with increas
ing ventricular rate [see fig. 3.1.3, and below for haemodynamic significance of
tachycardia].

a. Bradycardia.
Cardiac output decreases with decreasing heart rate at all rates below 100

beats/minute [see fig. 3.1.3]. Clinical manifestations oflowcardiac output occur in conscious
persons when the ventricular rate falls below 40-50 beats/minute for both sinus bradycar
dia [4,7], as well as in patients with third degree heart block [3 page 735]. The symptoms of
reduced cardiac output usually experienced are weakness, dizziness, vertigo, faintness and
syncope. Athletes and healthy young persons may normally have a sinus bradycardia with a
rate less than 50 beats/minutes. In these persons such a bradycardia is not pathological and
is associated with a normal cardiac output.

The situation during the perioperative period is different. Cardiac output may be
reduced by myocardial depression due to anaesthetic drugs [see chapter 2.1], by some
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anaesthetic techniques [see chapter 2.1], by hypovolaemia [see chapter 14.4], and by pain
and hypothermia induced elevation of the SVR. Under such circumstances cardiac output
is significantly lower at any givenventricular rate than it is in conscious normovolaemic per
sons not undergoing surgery and anaesthesia. In addition to reducing the cardiac output,
bradycardia also predisposes to the development of ectopic atrial and ventricular activity
[5]. Ectopic activity is even more likely during surgery as a result of increased sympathetic
nervous activity, elevated plasma catecholamine concentrations, the effects of drugs used
for anaesthesia, and electrolyte disturbances. Elevation of the heart rate inhibits the occur
rence of such ectopic activity [5].

A consequence of all the above is that no patient should be accepted for elective
operation under general anaesthesia if their ventricular rate is below 40-50 beats/minute.
Bradycardia occurring in the perioperative period should be treated if the rate is less than
50 beats/minute.

b. Tachycardia.
Tachycardias of all types reduce the cardiac output if the rate is high enough. Cardiac

output is reduced by only one mechanism, the rate ofventricular contraction is so high that
the time available for ventricular filling during diastole at normal ventricular filling pres
sures is inadequate to maintain the cardiac output at that heart rate [see equation 1. in this
chapter]. The main difference between the tachycardias as regards the reduction ofcardiac
output is the rate at which they cause a significant reduction of cardiac output, and this
depends on the type of tachycardia.

Tachycardias may be conveniently divided into two basic types on the basis of the
presence or absence of an "atrial kick".

i. Tachycardia with "atrial assist".
These are those tachycardias ofsupraventricular origin inwhich the atria actively con

tribute to the filling of the ventricles during diastole. Because an atrial assist is present, the
heart rate that may be achieved without asignificant fall ofcardiac output occurring is much
higher than in those tachycardias in which no atrial kick is present [see fig 3.1.3]. Examples
of these tachycardias are rapid sinus rhythm, and paroxysmal atrial tachycardia.

In patients at rest in bed, or under anaesthesia, who have a tachycardia with a func
tional atrial "kick", the cardiac output is maintained at a level greater than the output at a
heart rate of 50 beats/minute until the heart rate exceeds 130-140 beats/minute. Therapy
should be considered at rates above 130-140 beats/minute.

ii. Tachycardia with no "atrial assist".
This group of tachycardias comprises by far the greater number of different diagnos

tic types of tachycardias, e.g. fast atrial fibrillation, Wolff-Parkinson-White, ventricular
tachycardia, A-V junctional tachycardias etc. All these different types of tachycardias have
one thing in common, there is no atrial augmentation of stroke volume. In such a situation
the heart rate at which cardiac output begins to fall significantly is lower than that for a
tachycardia where atrial contraction augments the stroke volume [see fig. 3.1.3].

The cardiac output ofpatients with a tachycardia due to a cardiac rhythm without any
atrial "kick" who are at bed rest, or under anaesthesia, falls below thelevel it would be at a
rate of 50 beats/minute, when the ventricular rate increases above 110-120 beats/minute. A
rate of 100 beats/minute may be considered a threshold ventricular rate at which treatment
of rhythms where no "atrial kick" is present should be considered.



124 Chapter 3.1

iii. General therapeutic considerations for tachycardias.
During tachycardia, the heart rate at which the cardiac output begins to be lower than

that existing at a rate of 50 beats/minute is also dependent on the physical condition of the
patient, the myocardial contractility, baroreflex function, blood volume, systemic vascular
resistance, activity level, whether the person is under general anaesthesia, and the oxygen
consumption of the body. Hypotension occurs when the systemic vascular resistance no
longer increases to compensate for a decreasing cardiac output.

Ventricular rates at which therapy of a tachycardia should be considered have been
mentioned, but these rates should always be regarded as a recommendation which must be
applied after taking the clinical condition ofthe patient into account too. Therapy ofa tachy
cardia should really only be commenced if there is evidence ofa clinically significant reduc
tion of cardiac output, hypotension, myocardial ischaemia, or patient discomfort.

RHYTHMS INDUCING MYOCARDIAL ISCHAEMIA
Any rhythm which induces myocardial ischaemia should be rapidly treated. The

rhythms most often associated with myocardial ischaemia are the tachycardias [see chapter
2.9].

RHYTHMS ASSOCIATED WITH POOR PROGNOSIS
1. Premature ventricular contractions.

Premature ventricular contractions (PVC's), are thought to predispose to ventricular
tachycardias and/or fibrillation in patients with myocardial ischaemia, and shortly after a
myocardial infarction. The frequency of the PVC's, and their relation to QRSf complexes
is of importance, as some types of PVC are more likely to be associated with ventricular
tachyarrhythmias. These are listed below.

• When the R-wave of the PVC occurs during the T-wave of the previous QRSf
complex, the "R on T' phenomenon.

• Multifocal PVC's.
• More than 5-6 PVC's per minute.

2. Mobitz-II rhythm.
Mobitz-II second degree heart block frequently progresses to complete heart block.

3. Ventricular tachyarrhythmlas.
Rapid idioventricular rhythms, such as ventricular tachycardia, with a rate of more

than 100 beats/minute are also associated with a significant reduction ofcardiac output, due
to the shortened diastolic time available for passive ventricular filling, in addition to loss of
atrial augmentation of ventricular filling [see fig. 3.1.3].

Ventricular tachycardia also predisposes to the development of more malignant ar
rhythmias.
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Chapter 3.2

ANTIARRHYTHMIC DRUGS

Table 3.2.1.
KINETICS & DOSAGES OF ANTIARRHYTHMIC DRUGS IN ADULTS

DRUG T1/28 Vd CI MEC Toxic Intravenous Infusion
(hrs) (I/kg) (I/kg (mg/I) cone. bolus dose rate

/hr) (mg/I) (mglkg*mg/min) (mg/hour)

Verapamll 4.8 4 0.71 0.1 0.15*1 5
Amiodarone 25 days 66 0.114 0.5 >2.5 5*20 4
Quinidine 6.2 2.7 0.28 2 >6 6*20 40
Dlsopyramlde 6 0.6 0.072 3 1-2*50 15
Ugnocaine 1.8 1.1 0.55 1.5 >9 1-2*50 60
Tocainide 13.5 3 0.156 6 10*25 65
Procalnamide 3 1.9 0.71 3 >14 6*20 150
Phenytoin 15 0.64 0.02 10 >20 7*20 13
Aprindine 21.5 3.7 0.156 1 4*10 11
Mexiletine 10.4 9.5 0.62 0.7 >2 7*10 30
Bretylium 8.9 5.9 0.6 0.5 >3 5*20 60

BETA-ADRENERGIC BLOCKING DRUGS

Propranolol 3.9 3.9 0.72 0.02 0.1*1 1
Pindolol 3.6 2.3 0.5 0.06 0.01*0.1 2
Acebutalol 2.7 1.2 0.41 0.2 0.25*3 1-4

DIGITALIS GLYCOSIDES

MEC Loading Maintenance Onset
(....g/I) dose (mg) (mg/day) (mlns)

Digoxin 39 0.41 0.007 0.8-2.4 0.5-1.5 0.125-0.5 15-60
DigitOXin 6.7 days 0.54 0.003 10-30 0.2-0.3 0.05-0.3 25·120
Oubain 21 0.25-0.5 15-120

CI = total body clearance Olhrlkg). T1/2e = Elimination half life of drug In hours.
Vd = Distribution volume of drug Olters/kg). MEC = Minimum effective concentration In mg/l.
Intravenous bolus dose = maximum Intravenous bolus dose required for acute treatment, and
as a loading dose for an Intravenous Infusion (mg/kg) * maximum rate of administration (mg/70
kg/min). Only administer one half of this dose initially.
Infusion rate = intravenous infusion rate (mg/70 kg/hour).
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KINETIC PARAMETERS AND DOSES OF ANTIARRHYTHMIC DRUGS
Table 3.2.1 gives aview ofthe clinically most relevant kinetic and dynamic parameters

of drugs used for treatment of cardiac arrhythmias. The dosages used are those commonly
cited in the literature. They may also be calculated using the pharmacokinetic principles
and formulae in chapter 15.1.

EFFECTS AND USES OF ANTI-ARRHYTHMIC DRUGS
Table 3.2.2 gives a simplified view of the effects of the various drugs used in the

management of cardiac arrhythmias, and the principal type of arrhythmia for which they
are used.

Table 3.2.2.
EFFECTS AND USES OF ANTIARRHYTHMIC DRUGS

Type of S-A ERP ERP ERP ERP
DRUG arrhythmia cycle atrium AV-Node AVBT HPS

treated length

Atropine S ~ ~ ? 0
Isoprenaline S.V ~ ~ ? 0

Digitalis S O/t t t ~ 0

Propranolol S t 0 t 0 0

Lignocaine V 0 0 0 t O/~

Tocalnide V 0 0 M ? O/~

Verapamil S O/t 0 t t/~ 0
Disopyramlde S,V O/~ t t/~ t O/t
Procalnamide V O/~ t 0 t t
Quinidine S,V O/~ t ~ t t
A/maUne V ? t 011 1 t
Amiodarone S,V 1 t 1 t 1
Aprlndlne V 1 1 1 t 1

('1' = unknown :'1' = increase:T = decrease: '0' = no effect)
S = supraventricular.
V = ventricular.
S-A cycle length = sinoatrial node cycle length.
ERP = effective refractory period.
AV-Node = atrioventricular node.
AVBT = atrioventricular bypass tract.
HPS = His-Purkin/e system.
Vent = Ventricle.
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While such a table appears rather forbidding at first sight, careful study reveals the
reasons why the various anti-arrhythmic drugs are used as they are.

Example 1.
Quinidine is sometimes administered to patients with atrial fibrillation prior to

electrical cardioversion, but it should never be given to patients with atrial fibrillation un
less that patient has been first digitalized. This is because the ventricular frequency in atrial
fibrillation is dependent on the rate at which the atrial impulses are transmitted through
the AV-Node, and the reduction of the ERP of the AV-Node by quinidine can cause a
tachycardia, or increase the rate of an existing tachycardia. Pre~treatment with digitalis
glycosides prevents this by increasing the ERP of the AV-node.

Example 2.
Drugs such as amiodarone, aprindine or ajmaline, are not available in some countr

ies, or their cost is prohibitive, or they cause unacceptable side effects in some persons.
Combination drug therapy may then be used to treat patients with the Wolff-Parkinson
White syndrome. For example, propranolol may be used to retard AV-Node transmission
together with procainamide, quinidine, or disopyramide to retard AVBT conduction.

USE OF ANTIARRHYTHMIC DRUGS
1. Many of the antiarrhythmic drugs can cause myocardial depression. Accordingly they
should never be injected rapidly, or the intracardiac concentrations may be so high that sig
nificant myocardial depression occurs.

2. Another reason for not injecting antiarrhythmic drugs rapidly, is that rapid injection of a
drug that can depress atrioventricular conduction may cause total heartblock ifthe intracar
diac concentrations of the drug are very high.

3. Because of the above problems these drugs should never be administered as intravenous
boluses without continuous ECG , and regular blood pressure monitoring.

4. The doses recommended in table 3.2.1 are maximum doses. Always administer only half
this dose initially, and subsequently administer more as required. The rates of injection are
also listed in table 3.2.1.
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Chapter 3.3

SPECIFIC CARDIAC ARRHYTHMIAS

This chapter deals with the practical perioperative management of specific common
cardiac arrhythmias. It is not intended to be a complete discussion of cardiac arrhythmias,
but instead is a discussion of the way that these disorders are viewed and managed by the
clinical anaesthetist. Indications for treatment of arrhythmias have been discussed in chap
ter 3.1. Antiarrhythmic drugs and their dosages have been listed and very briefly discussed
in chapter 3.2. If reference is made to a drug without any mention of the dosage, the reader
should consult table 3.2.1. It is assumed that the reader is able to diagnose these arrhyth
mias from a rhythm electrocardiogram (BCG), and it is for this reason that neither example
BCG's, nor diagnostic criteria are presented unless it is necessary to illustrate a therapeutic
concept.

3.3.1 - SINUS TACHYCARDIA
This is defined as a sinus rhythm with a heart rate > 100 beats/minute. It may caused

by physical exertion, pain, anxiety, hypovolaemia, hyperthyroidism, drugs and elevated body
temperature.

Sinus tachycardia is nearly always a manifestation ofan underlying disorder, or ofpain
or anxiety. As such, therapy is not required for the tachycardia itself, but the condition caus
ing the tachycardia may require treatment.

Chronic management
Treat the cause if it is pathological, otherwise no treatment is required.

Acute management
As for chronic management.

Anaesthetic management
If the patient has an existing tachycardia, avoid the use of tachycardia inducing drugs,

e.g. atropine or pancuronium. Otherwise no other specific anaesthetic technique, drugs or
management can be recommended.
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3.3.2 - SINUS BRADYCARDIA
Sinus bradycardia is defined as a sinus rhythm with a heart rate < 60 beats/minute. It

may be seen in atWetes, after myocardial infarction, sick sinus syndrome, or drugs, e.g. B
blockers.

Bradycardia has been discussed in chapter 3.1. No patient should be permitted to un
dergo general anaesthesia if the heart rate is less than 40-50 beats/minute. During the
perioperative period, bradycardia with a rate less than 50 beats/minute should be treated.

Chronic management
Ifsinus bradycardia is associated with a symptomatic low cardiac output, as evidenced

by syncopal attacks, weakness, fatigability, low exercise tolerance etc, then pacemaker
insertion is required. Otherwise chronic management is not necessary.

Acute management
Administer 0.25 mg atropine intravenously. Repeat this dose if it has minimal to no

effect. If 1.5-2 mg of atropine has been administered with little to no effect over a period
of 15 minutes, then administer an intravenous isoprenaline infusion. The starting dose of
the isoprenaline infusion should be 1 J.Lglmin in an adult [see also table 2.2.1]. Pacemaker
insertion may be required if the bradycardia is resistant to isoprenaline, or not temporary
in nature.

Anaesthetic management
1. If the patient has symptomatic bradycardia of < 40-50 beats/minute preoperatively, then
cancel any elective operation and treat the cause.

2. If the heart rate of a patient about to undergo urgent surgery is < 40 beats/minute, con
sider temporary pacemaker insertion for use in the perioperative period until the cause of
the bradycardia has passed, e.g. effects of B-blocking drugs. A permanent pacemaker can
be inserted postoperatively ifnecessary.

3. If the heart rate falls below 50 beats/minute intraoperatively then the bradycardia should
be treated, unless the patient is an atWete and normally has a heart rate below this frequen
cy. Management is the same as for acute management.

4. No special anaesthetic techniques or drugs can be recommended.

3.3.3 - SICK SINUS SYNDROME
This comprises a variety of manifestations of a diseased sinoatrial node.

• sinus bradycardia without a cause.
• sinoatrial arrest.
• tachy-bradycardia syndrome.
• a combination of sinoatrial and atrioventricular conduction disorders.
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Chronic management
Pacemaker insertion is required for those with symptomatic bradycardia, syncopal at

tacks, or other symptoms of a low cardiac output. This may be combined with drug therapy
to prevent tachycardia.

Acute management
Treat the arrhythmias as they occur.

Anaesthetic management
1. If the patient is symptomatic, cancel any elective operation, until the arrhythmia has been
effectively treated.

2. Avoid the use of atropine so as to minimize the chance of a tachycardia occurring.

3. Otherwise no other specific drugs or anaesthetic techniques can be recommended.

3.3.4 • PREMATURE ATRIAL CONTRACTIONS
These may occur during anaesthesia, as a result of infectious diseases, inflammatory

disorders, after myocardial infarction, and due to the effects of drugs.
Occasionally they may cause haemodynamic problems. Frequent premature atrial

contractions reduce the efficiency of ventricular filling. Very rarely they may precede or
cause ventricular or supraventricular tachycardias.

Chronic management
Treat the cause if known, otherwise treatment is only indicated if they adversely af

fect systemic haemodynamics.

Acute management
Ifhaemodynamic problems due to a reduced cardiac output occur, then treatment is

required. The drug of first choice is verapamil, and of second choice, disopyramide.

Anaesthetic management
1. If the patient has haemodynamically significant premature atrial contractions, delay any
elective operation until the arrhythmia has been treated.

2. Symptomatic patients corning for emergency operation should be treated prior to induc
tion of general anaesthesia, as general anaesthesia will reduce the cardiac output even fur
ther.

3. No specific drugs or anaesthetic techniques can be recommended.
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3.3.5· ATRIAL FIBRILLATION
Atrial fibrillation may be chronic or intermittent. Chronic atrial fibrillation is usual

ly due to heart disease, but may also occur as a result of thyrotoxicosis, thoracotomy etc.
During atrial fibrillation atrial muscle fibers contract randomly. This generates a bar

rage of electrical impulses some of which are transmitted to the AV-node. The ventricles
are activated by atrial impulses which are transmitted through the AV-node, and the more
rapidly such impulses pass through the AV-node, the more rapid the ventricular rate. For
this reason, pharmacological therapy of patients with atrial fibrillation is usually directed
at increasing the effective refractory period (ERP) of the AV-node. This decreases the rate
at which atrial impulses can be transmitted through the AV-node, and reduces the
ventricular rate.

During atrial fibrillation the atria contract in an uncoordinated manner, and so there
is no atrial contribution to the stroke volume, Le. there is loss of the "atrial kick" or atrial
conduction [see chapter 3.1]. Because of this atrial fibrillation is associated with a sig
nificantly reduced cardiac output in comparison with the same heart rate during sinus
rhythm, especially when the ventricular rate is more than 100 beats/minute [see figs 3.1.2,
and 3.1.3]. Accordingly, therapy ofpatients with atrial fibrillation is aimed at maintaining a
ventricular rate of less than 100 beats/minute.

Chronic management
1. Treat the cause if able to be found, e.g. thyrotoxicosis.

2. Chronic atrial fibrillation is resistant to conversion to sinus rhythm by means of electri
cal cardioversion or drugs. Because of this therapy is only directed at reducing the
ventricular rate by means of drugs.

3. The drugs of choice for chronic management of atrial fibrillation are the digitalis glycos
ides. Because of their long elimination half lives, they are able to be administered once
daily, which makes them eminently suitable for chronic therapy. Digitalis glycosides act by
increasing the ERP of the AV-node.1f therapeutic plasma concentrations of these drugs
are insufficient to lower the ventricular rate below 100 beats/minute, then administer
verapamil or a B-blocker, e.g. propranolol. Both verapamil and the B-blockers also increase
the ERP of the AV-node [see chapter 3.2].

Acute management
1. Acute atrial fibrillation may be successfully converted to sinus rhythmby means ofelectri
cal cardioversion. In fact, if an episode of acute atrial fibrillation acutely precipitates or ex
acerbates heart failure, electrical cardioversion is the treatment of choice. An energy of
about 50 Joules is usually recommended for conversion of atrial fibrillation.

If acute atrial fibrillation causes no significant haemodynamic disorder,drug therapy
may be employed.

2. If the ventricular rate is > 100 beats/minute, slow intravenous administration of digitalis
glycosides is indicated, e.g. intravenous digoxin 0.5 mg injected over 10 minutes. Before
administering digitalis glycosides intravenously, the plasma potassium concentration must
be > =4 mmolll, otherwise there is an increased chance of digitalis induced arrhythmias
[see chapter 12.3 on hypokalaemia].
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3. If the patient has a ventricular rate > 100 beats/minute and is already digitalized with a
plasma digoxin concentration which is within the therapeutic range, administration of an
AV-node blocking drug such as verapamil, or a B-adrenergic blocker is required to further
reduce the ventricular response rate.

Caution is required when initiating intravenous administration of verapamil or a B
blockingdrug to an already digitalized patient. Hypotension is likely ifthey are administered
too rapidly, as these patients often have poor myocardial function and so are very sensitive
to the negative inotropic effects of these drugs. In addition to this they are sensitive to the
AV-node blocking effects of these drugs, as their effect is additive to that of the digitalis
glycoside. Extreme bradycardia or asystole may occur as a result of incautious rapid ad
ministration of these drugs. For these reasons administer these drugs to these patients in
small increments until the desired effect is achieved. Table 3.2.1 gives recommended rates
of administration, and these should not be exceeded in this situation.

Anaesthetic management
1. Delay any elective operation until the ventricular rate is < 100 beats/minute. This is be
cause the cardiac output in atrial fibrillation at this heart rate is already reduced at this
ventricular rate [see figs. 3.1.2, 3.1.3], and induction of anaesthesia will further reduce the
cardiac output. Hypotension is likely in this situation as anaesthesianot onlyfurther reduces
the cardiac output but also reduces the systemic vascular resistance [see chapter 2.1].

2. If the patient is to undergo an emergency operation, treat as in acute management.

3. Do not administer atropine in the premedication, nor any other drug that can cause a
tachycardia.

4. Otherwise no specific anaesthetic drugs or techniques can be recommended.

3.3.6 - ATRIAL FLUTTER
This may also be chronic or intermittent, and as with chronic atrial fibrillation, chronic

atrial flutter is also usually associated with heart disease.
The problems due to atrial flutter are the same as for atrial fibrillation. Chronic, acute,

chronic, and anaesthetic management are also the same as for atrial fibrillation.

N.B. Quinidine is used prior to electrical cardioversion after digitalis pretreatment in both
atrial fibrillation and flutter. Quinidine should never be used alone, without pretreatment
with digitalis glycosides as it decreases the ERP ofthe AV-node, and so doing increases the
ventricular response rate [see table 3.2.2].

3.3.7 - ATRIOVENTRICULAR (A-V) JUNCTIONAL DISORDERS
A-V junctional arrhythmias have only a minimal effect on systemic haemodynamics,

unless the ventricular rate is less than 50 beats/minute. No atrial"kick" is present, and so
these arrhythmias also cause a significant reduction of cardiac output if the ventricular rate
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is greater than 100-110 beats/minute [see chapter 3.1]. Occasionally other ventricular ar
rhythmias may be initiated.

A-V junctional arrhythmias commonly occur as a result of digitalis glycoside use, in
association with halothane anaesthesia, myocardial ischaemia and infarction, and excessive
vagal stimulation.

Chronic management
No treatment is necessary unless the patient is symptomatic.

Acute management
No treatment is necessary unless the arrhythmia has adverse haemodynamic effects.

Treatment varies according to whether the problem is a bradycardia or a tachycardia.
Bradycardia is treated the same as sinus bradycardia, while tachycardia is managed in

the same way as the paroxysmal supraventricular tachycardias.

Anaesthetic management
1. Elective surgery should be delayed until any symptomatic A-V junctional arrhythmias
have been effectively treated.

2. Management of A-V junctional arrhythmias in patients requiring emergency surgery is
the same as for acute management.

3. No specific anaesthetic technique or drugs can be recommended.

3.3.8· PAROXYSMAL SUPRAVENTRICULAR TACHYCARDIAS (PSVT's)
This term describes a range of supraventricular tachycardias. For example paroxys

mal atrial tachycardia (PAT), where the P-wave occurs before the QRS complex, and
paroxysmal junctional tachycardia where the P-wave occurs during or just after the QRS
complex.

Extreme tachycardia is associated with a reduction of the cardiac output due to insuf
ficient time being available during diastole for effective ventricular filling. This manifests
clinically as hypotension, or any other manifestation of a reduced cardiac output.

Patients with recurrent PSVT's commonly have no detectable organic heart disease,
except for the problem of recurring tachycardia. The cause of tachycardia is re-entrant con
duction in all cases. Most of the patients have normal atrioventricular conduction pathways
terminating at the AV-node. However one of these pathways is capable of fast retrograde
conduction. This is activated by atrial impulses arriving at the AV-node, and conducts im
pulses retrogradely back to the atria, which upon being activated again transmits impulses
anterogradely to the AV-node again. About 15-30% of patients with PSVT's have an ab
normal accessory pathway capable offast retrograde conduction, and which functions in the
same way as a retrogradely conducting normal pathway.

The fact that the ventricles are activated by the normal His-Purkinje system, which
arises from the AV-node, has a numberofsignificant diagnostic and therapeutic consequen
ces.

• The QRST complexes are normal is shape and duration.
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• Ventricular rate is never greater than 200 beats/minute, as the functional refract
0ry period of the AV-node is normally 330-525 milliseconds.

• Because impulses activating the ventricles arise in the atria, and are always trans
mitted through the AV-node, maneuvers that increase the AV-node refractory
period are effective in slowing tachycardia due to a psvr.

Chronic management
If the episodes of tachycardia are frequent, symptomatic or both, they require treat

ment. Digitalis glycosides are the drugs of first choice as they only require to be ad
ministered once daily. If digitalis glycosides alone are not effective, administer verapamil
as well, or a B-adrenergic blocking drug, or any other drug which also increases the refrac
tory period of the AV-node.

Acute management
1. Carotid sinus massage is the treatment of first choice, and subsequently any other
maneuvers to increase vagal tone, e.g. Valsalva maneuver, drinking a glass of water rapid
lyetc.

2. Should this fail, drug treatment is required. Verapamil or diltiazem are the drugs of first
choice. Should one of these fail, or be unavailable, a B-adrenergic blocking drug may be
used, or slow intravenous injection of a digitalis glycoside. Ifnone of these drugs are effec
tive, administer disopyramide, procainamide, or quinidine. These last three drugs all block
conduction in the fast retrogradely conducting pathway.

3. If tachycardia induces acute heart failure, or exacerbates existing heart failure, electrical
cardioversion with an energy of 50 Joules is indicated.

4. In some cases, an episode of psvr is triggered by baroreceptor reflexes activated by
hypotension in the perioperative period. Ifthe cause ofthe hypotension is vasodilation, then
administration of an a-adrenergic stimulating drug such as methoxamine, phenylephrine,
or noradrenaline may be tried. This raises the blood pressure by vasoconstriction, and a
subsequent baroreceptor mediated relative decrease in sympathetic tone may terminate
the tachycardia in some cases. If hypotension is due to hypovolaemia, then the volume
deficit should be corrected prior to attempting any other therapy.

5. Atrial overpacing may also be used to terminate a severe attack.

Anaesthetic management
1. Administer no anaesthesia during an acute attack of psvr. Cardiovascular depression
due to anaesthesia reduces the cardiac output even further. If an episode of psvr occurs
perioperatively, management is the same as for acute management.

2. Avoid the use of atropine or any other tachycardia inducing drugs in the hope that no
episode of psvr will be triggered.

3. No other special anaesthetic drugs or techniques can be recommended.
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3.3.9 - WOLFF-PARKINSON-WHITE (WPW) SYNDROME
The Wolff-Parkinson-White (WPW) syndrome is one ofagroup ofarrhythmias called

the "pre-excitation arrhythmias". Regardless of the precise aetiology, the clinical manifes
tations are due to a reduction of the cardiac output due to extremely rapid tachycardia.

In all these syndromes there is an accessory atrioventricular pathway present which
does not terminate at the AV-node, but at some other site within the ventricle. The atrial
impulses activating the ventricle are not delayed by passage through the AV-node, but ac
tivate the ventricle directly by anterograde conduction along the atrioventricular bypass
tract (AVET). Because ofthis theyexcite the ventricle before impulseswhich are conducted
through the AV-node do, a phenomenon which is called pre-excitation. The shorter delay
between atrial and ventricular activation is seen on the BCG as a shortened P-Q time. As
the pre-excitation induced ventricular depolarization does not occur via the His-Purkinje
system, the initial rate of ventricular depolarization is slower than normal as ventricular
depolarization is "piecemeal". That is, a depolarized section ofmyocardium depolarizes ad
jacent sections of myocardium. This process continues until the ventricles are eventually
depolarized, or until the atrial impulses conducted through the AV-node and His-Purkinje
system rapidly depolarizes the remaining regions of non-depolarized ventricles. This ex
plains the delta-wave typically seen in the BCG of patients with a WPW syndrome.

Tachycardia in patientswith aWPWsyndrome may be caused by one oftwo mechanis-
ms.

1. "Re-entrant" tachycardia due to retrograde AVBT conduction.
The cause of tachycardia in many patients with the WPW syndrome is the same as for

PSVT, Le., re-entry. The ventricles are activated via the AV-node. Ventricular activation
subsequently activates the AVET which conducts the signal retrogradely to the atria,
reactivating the atria, which initiates the process again. This is called a "re-entrant"
tachycardia. Typically the frequency of the tachycardia due to this mechanism is < 200
beats/minute because the AV-node refractory period is such that it does not permit trans
mission of impulses at frequencies much higher than this. The QRS complexes during a
tachycardia of this type are normal in duration and form as activation of the ventricles oc
curs only through the rapidly conducting His-Purkinje system.

2. Tachycardia due to anterograde AVBT conduction.
In some cases tachycardia is due to anterograde conduction of atrial impulses along

the AVBT. If the AVBT refractory period is < 220 milliseconds, the rate of impulse trans
mission can be very rapid, permitting very rapid ventricular activation and tachycardia with
a rate which may be > 200 beats/minute. The ventricular rate may be so fast that ventric
ular fibrillation may occur. In cases where the rate of the tachycardia is > 200 beats/minute,
the origin of such rapid atrial impulses is usually atrial fibrillation or flutter. As ventricular
activation is via the AVET, and not the rapid His-Purkinje system, the duration of the QRS
complexes is longer than normal due to "piecemeal" ventricular activation.

Chronic management
1. Frequent, haemodynamically significant, or life threatening tachycardias require chronic
treatment to prevent their occurrence. The drug of choice is amiodarone, but aprindine
may also be used. Ifthese are not available, or cannot be used for various reasons, combina
tion drug therapy to block both limbs of the re-entry loop may be used, e.g. propranolol to
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retard conduction through the AV-node, and procainamide to retard conduction in the
AVBT. Table 3.3.1 lists a variety of drugs and their actions on the AV-node and the AVBT.

2. Drug resistant recurrent life-threatening tachycardias may be managed with atrial over
pacing.

3. Surgical interruption of the AVBT may be performed in persons with frequent life
threatening, drug therapy resistant tachycardias.

Table 3.3.1.
Effects of drugs used in treatment of the WPW
syndrome on conduction pathways.

DRUG Refractory Refractory
period period

AV-node AVBT

Digitalis
Propranolol
Verapamil
Ugnocaine
Disopyramide
Procainamide
Quinidine
Ajmaline
Amiodarone
Aprindine

1
1
1
o
o
o
~

0/1
t
1

~

o
1/0
1
1
t
t
1
1
1

1 = increase; ~ = decrease; 0 = no effect.
AV-node = Atrioventricular node.
AVBT = Atrioventricular bypass tract.

Acute management
1. If tachycardia occurs at a rate < 200/minute, and the form and duration of the QRS com
plex are normal, all indicative of a re-entrant tachycardia, then therapy is the same as for a
PSVT.

2. Ifthe ventricular frequency is >200/minute, and the duration ofthe QRS complex longer
than normal, then it is likely that the tachycardia is due to anterograde conduction of atrial
fibrillation/flutter impulses along the AVBT to the ventricles. Drug therapy in this situa
tion consists ofuse ofdrugs retarding transmission along the AVBTbyincreasing the AVBT
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refractory period. The drug of first choice is amiodarone.1f intravenous amiodarone is not
available, administer lignocaine, disopyramide, quinidine or procainamide, as these all in
crease the refractory period of the AVBT [see table 3.3.1J. No digitalis glycosides should
be used as these decrease the refractory period of the AVBT and will increase the rate of
the tachycardia.

3. If tachycardia is so rapid that cardiac failure or shock occur, consider electrical cardiover
sion with an energy of 50 Joules. This condition is sometimes difficult to distinguish from
ventricular tachycardia. But even if the differentiation is difficult or impossible, the matter
is relatively academic as the drug therapy and cardioversion are the same in both situatio
ns.

4. Tachycardia due to either of the above mechanisms may be treated with intravenous
amiodarone. This is effective treatment for both types of tachycardia [see table 3.3.1J.

Anaesthetic management
1. Avoid the use of atropine or other tachycardia inducing drugs. Prevent pain and anxiety
by use ofadequate analgesia and anxiolytic therapy. Hypovolaemia should be prevented by
use ofadequate fluid therapy. In otherwords, manage the anaesthetic so as to minimize the
chances of tachycardia in the perioperative period. Otherwise there are no specific anaes
thetic guidelines.

2. Treat tachycardia occurring during the perioperative period as in acute management.

3.3.10 - ATRIOVENTRICULAR (A-V) BLOCK
1. First degree block

This is prolongation of the P-Q interval to longer than 0.2 seconds. This may occur in
patients with a normal heart, but classically occurs during rheumatic fever, and as a result
of digitalis toxicity.

The most significant problem due to first degree heart block is bradycardia. This can
reduce the cardiac output to such a degree that clinically significant manifestations ofa low
cardiac output occur.

Chronic management
Pacemaker implantation is the only treatment available for chronic symptomatic

bradycardia.

Acute management
1. No treatment is required unless severe symptomatic bradycardia occurs, in which case
0.25 mg atropine should be administered intravenously. Ifrepeated doses ofatropine up to
a total dose of 2 mg are administered within 15 minutes are unsuccessful, then an
isoprenaline infusion is required, initially at a rate of 1 J.Lg/minute.

2. If the cause of the bradycardia is not transient, consider temporary or permanent
pacemaker implantation.
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Anaesthetic management
1. Delay any elective operation if a bradycardia with a rate of <40-50 beats/minute is
present. If the operation cannot be delayed, consider temporary pacemaker insertion.

2. No particular anaesthetic drugs or techniques can be recommended.

2. Second degree block
a. Mobitz - I.

This is the Wenkebach rhythm. The P-Q interval increases in successive beats until a
P-wave is no longer followed by a QRS complex. The whole process then repeats itself. It
may be a manifestation of atrioventricular nodal disease, and may occur after myocardial
infarction. Drugs such as the digitalis glycosides, B-blockers, and neostigmine also may in
duce a Mobitz-rhythm. Sometimes a Wenkebach rhythm occurs in an otherwise perfectly
healthy person, and also may occur in athletes. It seldom progresses to a more malignant
type of arrhythmia.

No chronic, acute, or special anaesthetic management required, unless it is also as
sociated with a significant bradycardia.

b. Mobitz - II.
Here there are regularly occurring P-waves relating to QRS complexes with a fixed

time interval. But at irregular intervals there are periods when the P-wave is generated, but
is not followed by a QRS complex for one or more beats. This is called atrioventricular (A
V) block, and represents failure of conduction of the sinoatrial impulse to the ventricle. If
the duration ofA-V block is longer than one beat, syncopal attacks (Adams-Stokes attacks)
may occur as a result of absence of cardiac output in these periods. Mobitz type IT block
frequently progresses to complete heart block, and so is a rhythm with a poor prognosis.

Chronic management
Permanent pacemaker implantation is required if the patient has syncopal attacks, or

haemodynamic disturbances of any sort due to bradyarrhythmias.

Acute management
No treatment is required unless there are episodes of symptomatic bradyarrhythmia

as above. If therapy is required, administer intravenous atropine to increase the heart rate.
The initial dose is 0.25 mg/70 kg, with repeat doses to a maximum of2 mg within 15 minutes.
If this is not successful, commence an intravenous isoprenaline infusion at an initial rate of
IIJ.g/70 kg/minute. Subsequentpacemaker implantation is required ifepisodes ofA-V block
recur.

Anaesthetic management
1. Delay any elective operation until the arrhythmia has been treated. In the case of emer
gencies, temporary pacemaker implantation should be considered, or at least an
isoprenaline infusion.

2. No specific anaesthetic techniques or drugs can be recommended.
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3. Third degree heart block, complete A-V dissociation
Absolutely no atrial impulses are transmitted to the ventricles, which contract at the

idio-ventricular rate of about 40-50 beats/minute. Congenital heart block does occur but is
rare, and so third degree heart block is usually a manifestation ofheart disease. A heart rate
of < 50 beats/minute correlates with the occurrence ofAdams-5tokes syncopal attacks, and
low cardiac output. The cardiac output may be so low as to threaten life or organ function.

Chronic management
Pacemaker insertion is required in symptomatic patients.

Acute management
If the patient is symptomatic, or has a ventricular rate < 40-50 beats! minute, then

start an intravenous infusion of isoprenaline, initially at a dose of 1 1JfiI70 kg/minute to in
crease the heart rate until a pacemaker can be inserted. Simultaneous cardiopulmonary
resuscitation maybe required ifthe cardiacoutput is lowenough to cause circulatoryfailure.

Anaesthetic management
1. Delay any elective operation. Otherwise management is as in acute management.

2. Techniques causing a reduction of the SVR should not be used. The cardiac output can
not increase in response to baroreflex influences, and so techniques such as spinal and
epidural anaesthesia may cause profound hypotension. Otherwise no special anaesthetic
drugs or techniques can be recommended.

3.3.11 - BUNDLE BRANCH BLOCK AND BIFASCICULAR BLOCK
1. Left bundle branch block.

This is usually a manifestation of heart disease. No special anaesthetic management
is required, except for any disease that may have caused it.

2. Right bundle branch block
No special management is required, except for any disease which may have caused it.

3. Bifasclcular block [7,8,9]
This is a condition where there is a right bundle branch block combined with a left

anterior hemiblock, or a left posterior hemiblock. Patients with this condition all have car
diac disease, usually ischaemic.

Only one additional hemiblock is required to convert bifascicular block into total
heart block. This may occur as a result ofa perioperative myocardial ischaemic episode. It
was once thought advisable to insert apacemaker in all patientswith bifascicularblockprior
to any operation. More recent studies have shown that patients with bifascicular block can
be divided into three groups.
a. Patients without symptomatic heart disease, but with a bifascicular heart block. These

patients do not have an increased risk ofdeveloping total heart block, and the periopera
tive management can be the same as for any other patient coming for that operation.

b. Patients with bifascicular block and symptomatic cardiac disease. For example those with
syncopal attacks, heart failure, angina pectoris, Mobitz II block, etc. This group of
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patients should be considered for prophylacticpreoperativepacemaker insertion, as they
have an increased chance of developing perioperative total heart block.

c. Recently it has been found that patients with the combination of right bundle branch
block plus left posterior hemiblock, are at a higher risk than normal of developing total
heart block. These patients should also be considered for pacemaker insertion prior to
any operation.

3.3.12· PREMATURE VENTRICULAR CONTRACTIONS
Premature ventricular contractions (PVC's) may be caused by myocardial ischaemia,

anxiety, or be due to drug or electrolyte effects, and also occur commonly in the aged.

Prognostic significance
1. They have little to no significance in patients with an otherwise normal heart and normal
biochemical and physiological condition.

2. Bigeminy, trigeminy, etc are of no significance unless they are associated with
haemodynamic dysfunction.

3. Ventricular tachycardia or fibrillation after a recent myocardial infarction, or in patients
with cardiac disease may be preceded by;

• more than 5-6 PVC's per minute,
• multifocal PVC's,
• PVC's beginning during the T-wave of a previous QRST complex. This is the "R

on-To phenomenon.

Chronic management
Chronic therapy is required for patients in category '3' above, especially after a

myocardial infarction. In order of preference the drugs used for chronic therapy are;
disopyramide, procainamide, quinidine or amiodarone.

Acute management
Therapy is not required for patients in categories 1 and 2, unless there is significant

haemodynamic dysfunction. Patients in category 3 should be treated. Before any treatment
is commenced, check to see if a treatable cause for the PVC's can be found, e.g. excessive
sympathetic nervous stimulation, hypoxaemia, hypercarbia, hypokalaemia, digitalis in
toxication, other drugs etc.

In order of preference, the drugs required for acute therapy are lignocaine, dis
opyramide, procainamide, and amiodarone.

Anaesthetic management
Delay any elective operation in category 3 patients until the patient has been inves

tigated and treated. Otherwise there are no anaesthetic guidelines, except that adequate
analgesia is necessary to lessen the chances ofmyocardial ischaemia or pain, both ofwhich
may increase the frequency of PVC's.
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3.3.13 - VENTRICULAR TACHYCARDIA
This is an idioventricular rhythm with aventricular rate> 60 beats/minute. If the rate

is very rapid this may be difficult to distinguish from tachycardia due to psvr or the WPW
syndrome. However the broadened QRS complex is diagnostic in most cases. The main
problem is a reduction of cardiac output if the ventricular rate is less than 50 beats/minute,
or more than 100-110 beats/minute [see chapter 3.1].

Chronic management
This is required in patients with recurrent tachycardia The drugs most commonly

used are procainamide, quinidine, and tocainide.

Acute management
1. No cardiovascular collapse.

The drug of first choice is lignocaine administered as an intravenous bolus, followed
by an intravenous lignocaine infusion. Drugs of second choice are disopyramide,
procainamide, etc.

2. With associated cardiovascular collapse.
a. The initial treatment ofchoice is electrical cardioversion using an energy of50 Joules. An
intravenous bolus of lignocaine should be administered immediately prior to cardioversion
and followed by a lignocaine infusion. Drugs of second choice are as above.

b. If ventricular tachycardia is due to drugs such as sympathomimetics, or digitalis
glycosides, drug therapy but not electrical cardioversion is indicated. Otherwise the
management is the same outlined in acute management.

Anaesthetic management
1. Delay induction of any form of anaesthesia until the episode of ventricular tachycardia
has beentreated, orspontaneously resolved. General anaesthesiawill exacerbate any reduc
tion of cardiac output, and the stress ofsurgery plus the effects ofanaesthetic drugs may in
crease the frequency of the tachycardia, or precipitate a more malignant arrhythmia.

2. Otherwise no specific recommendations can be made as to anaesthetic management.

3.3.14· VENTRICULAR FLUTTER/FIBRILLATION
No effective ventricular systole occurs during either ventricular fibrillation or flutter.

The absence of cardiac output means that these arrhythmias are a disaster which will rapid
ly cause the death of the patient ifno rapid corrective or resuscitative measures are under
taken.

Management
1. Restore cardiac output with external cardiac massage, and commence artificial

respiration to oxygenate the patient. These measures should be continued until the arrhyth
mia has been treated.

2. Insert an intravenous line, preferably in a central vein.
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3. Give calcium chloride/gluconate 1G to an adult to antagonize the effects of any possible
hypoxaemia induced elevation of plasma potassium concentration.

4. Administer sodium bicarbonate 8.4%. The initial dose is usually 1 ml/kg. This reduces
any acidosis that may be present [see chapters 13.2 and 13.3 for a discussion on the indica
tion for bicarbonate solutions]. Subsequent doses may be administered according to the
acid-base status.

5. Administer an intravenous bolus of 1 mg/kg of lignocaine, both to treat and prevent the
occurrence of further ventricular arrhythmias.

6. Subsequently the treatment of choice is electrical cardioversion with an energy of 200
400 Joules.

7. Ifno measurable cardiac output is able to be achieved with closed chest cardiac massage,
either before or after restoration of a functional cardiac rhythm, then administer a bolus of
adrenaline of 1mg to adult patients. This has avasoconstrictor effect, and results in a higher
blood pressure being able to be generated by cardiac massage. At the same time it also has
a positive inotropic effect which is useful when a functional heart rhythm is present.

8. Treat any arrhythmia resulting from this therapy.

9. After restoration of a functional cardiac rhythm, the patient should be placed in an in
tensive care unit for further treatment, and until neurological and cardiac recovery have oc
curred.

3.3.15 • VENTRICULAR ASYSTOLE
The heart pumps no blood during ventricular asystole, and death will rapidly occur as

if no corrective and resuscitative measures are undertaken to restore cardiac output.

Management
1. Begin at once with controlled respiration and cardiac massage to both restore cardiac
output.

2. Insert an intravenous line, preferably in a central vein.

3. Administer the following drugs.
a. Administer adrenaline 1 mg/70 kg. The route used may be either intracardiac or in

travenous. This elevates the SVR, and so makes heart massage more effective in raising
the arterial blood pressure.

b. Administer calcium gluconate/chloride 1 G intravenously to reverse the effects of any
hyperkalaemia due to hypoxia [see chapter 12.3].

c. Acidosis should always be corrected in patients with ventricular asystole or ventricular
fibrillation. In both cases the patients frequently have a diseased heart, or take drugs
which depress myocardial function. Either of these two factors makes the myocardium
more susceptible to the effects of acidosis [see chapter 13.2]. Administer sodium bicar-
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bonate 8.4% intravenously at a dose of 1 mVkg to partially reverse the acidaemia that is
present. This also increases the efficacy ofadrenaline and other inotropic drugs. Further
doses of bicarbonate solutions should be administered according to the acid-base status
as induction of alkalosis can also have dire consequences [see chapters 13.2 and 13.3].

4. The main principle in the treatment of asystole, apart from the initial resuscitative
measures, is to elicit a heart rhythm by any means possible. After a rhythm of some sort has
been established, it can then be treated appropriately. Asystole itself is always fatal. A heart
rhythm may be initiated by chemical, mechanical or electrical stimuli.

a. Before beginning any cardiopulmonary resuscitative measures administer a "precordial
thump". This is a sharp forceful blow to the mid-sternum. In some cases this will stimu
late the heart into activity. This is mechanical stimulation of rhythm.

b. Intracardiac or intravenous adrenaline at a dose of 1 mg in an adult may stimulate the
heart into some sort of activity. This is chemical stimulation of rhythm.

c. Electrical cardioversion may also elicit a cardiac rhythm which can subsequently be
treated. This is electrical stimulation of rhythm.

5. After successful restitution ofa functional cardiac rhythm, the patient should be admitted
into an intensive care or coronary care unit for further therapy of arrhythmias, acid-base
and electrolyte disorders, and until neurological and cardiac recovery has occurred.
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Chapter 3.4

PACEMAKERS

The function of a pacemaker is to provide a cardiac rhythm that maintains a cardiac
output adequate for normal activity, and in extreme situations, an output compatible with
life. As such, a pacemaker may be required for maintenance of a normal cardiac output in
patients with chronic or repetitive disorders ofcardiac rhythm that cause a lethally low car
diac output. These disorders may be either temporary or permanent.

INDICATIONS FOR PACEMAKER IMPLANTATION
1. Permanent pacemaker Implantation.
a. Symptomatic sick sinus syndrome, (bradycardia, sinus arrest).
b. Symptomatic extreme bradycardia (< 40 beats/minute).
c. Mobitz II heart block.
d. Total heart block.
e. Demand atrial pacing for recurring atrial tachyarrhythmias.
f. Pacing of patients with bifascicular block.

2. Temporary pacemaker Insertion.
a. Inadequate drug therapy of supraventricular tachyarrhythmias prior to anaesthesia and

surgery.
b. Drug induced bradycardia where the ventricular rate is < 40 beats/ minute, e.g. due to B

blocker drugs.
c. Bifascicular block in patients with cardiac symptoms.
d. Any of the indications for permanent pacemaker insertion, until apermanent pacemaker

can be inserted.

TYPES OF PACEMAKER [2]
There are many types ofpacemakeron the available.The range offunctions they offer,

and their control methods vary widely. The anaesthetist should inform himself beforehand
of the properties of the type of pacemaker possessed by the patient who is to be operated.

PROBLEMS WITH PACEMAKERS [1,2]
1. Changes of plasma potassium concentration.

Normokalaemia is essential for safe and efficient pacemaker function. Plasma potas
sium should be monitored carefully in patients with pacemakers during surgery. The pain
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and stress of surgery can cause hypokalaemia [see chapter 12.3J, perioperative fluid shifts,
and intravenous infusion fluids also may cause rapidly changing potassium concentrations.

a. Acute hypokalaemia.
Acute hypokalaemia causes a more negative cell membrane potential, Le. hyper

polarization. This raises the stimulus intensity required to initiate membrane depolariza
tion. The consequence of this can be loss of pacing if the pacemaker stimulus is below the
new stimulation threshold.

b. Acute hyperkalaemia.
Acute hyperkalaemia causes a more positive cell membrane potential, Le. hypo

polarization. The result is a lowered stimulus intensity required to initiate cell membrane
depolarization. The stimulus intensity of the pacemaker under such circumstances may be
well above threshold for the myocardial cell membrane. The possibility even arises that the
pacing stimulus may initiate a ventricular arrhythmia.

2. Electrosurgical apparatus.
Electrical apparatus used during surgery, e.g. diathermy, may induce currents within

the pacemaker. Such induced currents may seriously interfere with pacemaker function, or
even damage it. This is however a problem more likely to occur with older models of
pacemaker. New pacemakers are usually protected against current surges. There are anum
ber of solutions to this problem if it occurs.

a. Do not permit the use of electrosurgical apparatus.
b. Ensure that the current flow path of any electrosurgical apparatus used never flows

through the regions of the body where the pacemaker and its leads are situated. Bipolar
diathermy is to be recommended as the current flow is only through the two tips of the
diathermy forceps.

c. Place a strong magnet directly above the pacemaker. Many pacemakers are so
programmed that the presence of a strong magnetic field converts the pacemaker into a
fixed rate pacemaker, minimizing the effects of other external electromagnetic inter
ference.

3. Cardioversion.
Current flow through a pacemaker as a result of electrical cardioversion may damage

the electronic components. Pacemaker function should always be checked subsequent to
any cardioversion. Again, this is aproblem more likely to affect older models ofpacemaker.
Newer models usually have protective circuitry which prevents damage due to this cause.

4. Fixed cardiac output.
Most pacemakers provide a maximum pacing rate, or pace at a fixed rate. In either

situation the heart has a fixed maximum rate, and any variation ofthe cardiac output is only
provided by variations in the degree of ventricular filling. Because of this the paced heart
acts in the same way as a heart with deficient baroreflexes [see chapter 8.6J.
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ANAESTHETIC MANAGEMENT
1. Most patients carry a card with a description of the type ofpacemaker that they have, or
alternatively they have the telephone number of their cardiologist who may be contacted
for details. Such knowledge is useful for planning the most appropriate form of anaesthe
sia, and for management of any problems due to interference with pacemaker function.

2. Epidural or spinal anaesthesia cause a significant reduction of the SVR. Patients with a
fixed rate pacemaker effectively have a fixed cardiac output, and so may become more
hypotensive during this type of anaesthesia than a normal patient, (remember that MABP
= CO x SVR). Treatment with a vasoconstrictor drug is required to elevate the SVR and
blood pressure in such patients, e.g. phenylephrine, ephedrine.

3. A person with a pacemaker has cardiac disease, otherwise they would not require such a
device. In general, any general anaesthetic drugs and techniques may be used that are ap
propriate for patients with depressed baroreflexes, and a limited ability to increase their
cardiac output [see chapter 8.6].

4. ECG monitoring should always be used during any anaesthetic or surgical procedure, so
that pacing failure, or arrhythmias can be rapidly detected and treated.

REFERENCES
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Part 4

RESPIRATORY DISEASE AND ANAESTHESIA

The function ofthe respiratory system is to oxygenate the blood so that oxygen is avail
able for tissue metabolism. Severe respiratory disease may impair blood oxygenation to
such a degree that blood oxygen content is no longer sufficient to sustain life.

Anaesthesia and surgery nearly always exacerbate pulmonary dysfunction, and acute
respiratory failure may occur postoperatively in some patients who have preoperative
severe pulmonary disease. The anaesthetist must always be aware ofthis potential problem,
and must have a system of preoperative respiratory function assessment which will detect
those patients at risk ofdeveloping significant exacerbation ofexistingpulmonary problems
as a result of anaesthesia and surgery. With knowledge of the possible consequences, a plan
of management may be made for such patients which will minimize the consequences of
any possible perioperative exacerbation of existing pulmonary dysfunction.

This section emphasizes these aspects of respiratory disorders, and also discusses the
practical management of some of the more common disorders.
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Chapter 4.1

BLOOD GASES - ARTERIAL AND VENOUS

Prior to commencing any discussion of the way in which anaesthesia and surgery can
affect pulmonary function it is of value to first discuss the physicochemical basis of oxygen
transport. The transport and exchange of oxygen and carbon dioxide causes changes in
blood, and acid-base status and blood gas values are a reflection of these changes. Normal
values of these parameters for arterial and venous blood are shown in table 4.1.1.

Table 4.1.1.
Normal arterial and venous blood gas values for adults.

PARAMETER

pH
P02
PC02
[HC03-)
Base excess
02 saturation

ARTERIAL

7.36-7.44
11.3-13.3kPa(80-100mmHg)

4.8-5.9kPa(36-44mmHg)
21-25 mmol/I
+/- 2 mmol/I

98%

VENOUS

7.34-7.42
5.5-6kPa(37-42mmHg)

5.6-6.7kPa(42-50mmHg)
21-25 mmol/I
+/- 2 mmol/I

75%

pH.
This is the negative logarithm to the base 10 of the hydrogen ion concentration.

pH = -log[H+] ........(1)

Pa02
The partial pressure of oxygen in arterial blood.
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FIGURE 4.1.1. -The normal oxygen-haemoglobin dissociation curve, showing the Pso and P90
for blood at pH = 7.4, PC02 = 533 kPa = 40 mmHg, and temperature = 3-,oC.

Bicarbonate Ion concentration [HC03-].
The concentration of bicarbonate ion in the plasma, expressed in millimoles per liter,

or milliequivalents per liter.

Base excess.
This is a measure of the acidity or alkalinity of the blood. It is defined as the number

of millimoles of an acid or base required to bring the pH of one liter of the blood samgle
under investigation to a pH of 7.40, if that blood sample is kept at a temperature of 38 C,
and at a PCOz of 5.33 kPa (40 mmHg).

Oxygen saturation.
This is the percentage saturation of haemoglobin with oxygen. The binding of oxygen

to haemoglobin is not linearly related to the partial pressure of oxygen, as is shown by the
well known oxygen-haemoglobin saturation curve, [see fig 4.1.1]. The equations describing
the oxygen-haemoglobin curve, equations 2,3,4 [1] are set out below, as they are used in
other chapters.
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FIGURE 4.1.Z. - The normal oxygen-haemoglobin dissociation curve, together with a right
and a left·shifted curve. The principal causes of both right-and left-shifting of the dissociation
curve are shown.

Z = 0.024(37-T) + 0.4(pH-7.4) + 0.06(1.602-log10(PC02 X 7.5» ..(2)
and

Pv =7.5 X P02 X 10Z
......(3)

and
502 = 100/(1 + 23400/(Pv(pl + 150))) ......(4)

In some situations it is useful to be able to calculate the paz from the known satura
tion, pH, PCOz, and temperature. Equation 5 may then be used.

Pv =exp[O.38 x loge(5/(100-5» + 3.32 - (5 X 0.72)"1 - (56/6 X 1012)] .......(5)

T = temperature of blood in degrees Celsius.
PC02 = measured partial pressure of carbon dioxide in kPa.
P02 = the measured partial pressure of oxygen in kPa.
Py = the calculated virtual partial pressure of oxygen in mmHg.
5, 502 =percentage saturation of haemoglobin with oxygen.
(N.B. those wishing to express all gas partial pressures in mmHg should remove the con
version factor "7.5" from equations 2 and 3).
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Because of the size and complexity of equations 2,3, 4 and 5 they are not easily used
in daily clinical practice, except by those possessing a pocket computer. However some
aspects of these equations are useful, and the practical anaesthetist should remember the
important points of the curve. These are the Pso and the P90 for a pH =7.4 and under con
ditions of normocarbia and normothermia. These are the partial pressures of oxygen at
which haemoglobin is 50% saturated with oxygen (Pso = 3.6 kPa = 27 mmHg), and at
which haemoglobin is 90% saturated with oxygen (P90 = 7.7 kPa = 60 mmHg) [see fig.
4.1.1].
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Chapter 4.2

CALCULATION OF EXPECTED Pa02

Chapter 4.1 shows the normal Pa02 and Pv02 to be expected in healthy young per
sons with normal respiratory function who are breathing air. But some persons may be
breathing oxygen enriched air at the time that arterial blood gases are sampled. The aging
process reduces the Pa02. Some persons may have abnormal respiratory function. In such
situations, simple reference to the normal Pa02 of healthy young persons breathing air is
inadequate as a means of determining if a Pa02 measured in any person is what would be
expected for that person, under the clinical circumstances existing at the time ofsampling.
For this reason a method of calculation of the expected Pa02 is developed below which
enables the Pa02 to be calculated for all values of inspired oxygen concentration. Two ob
vious examples of the clinical uses to which such an equation may be put are given below.

Example 1.
A patient is brought into a emergency department after an accident. Arterial blood

gases measured at the time of admission while the patient is still breathing air reveals that
the Pa02 is lower than would be expected. That patient has respiratory dysfunction.

Example 2.
During mechanicalventilation in an intensive care unit, or duringgeneral anaesthesia,

a patient receives a known inspiratory oxygen concentration. If the measured Pa02 is sig
nificantly less than what could be reasonably expected from the calculated Pa02, then that
patient has respiratory dysfunction.

VARIATION OF Pa02 WITH AGE, BREATHING AIR
Pa02 declines with age due to the multiple changes in cardiopulmonary function

caused by the aging process. For the normal person breathing air the Pa02 declines with
age in a manner given by the formulae below [2].

OR
Pa02(mmHg) =106· Age/2 (1)

Pa02(kPa) = 14.5· Age/14.5 (2)
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CALCULATION OF Pa02 FOR ANY INSPIRED OXYGEN CONCENTRATION
Many patients with abnormal lung function are administered oxygen. The difference

betweenexpected and measured Pa02under such circumstances is a measure ofthe severity
of pulmonary disease. A simple equation to calculate the expected Pa02 may be derived
using a simplified version of the alveolar air equation [1, pages 384-386].

PA02 = (Patm - PH20) X FI02 - PAC02lRQ ..••..(3)

Fi02 = fractional inspired oxygen concentration.
Patm = atmospheric pressure = 101.33 kPa (760 mmHg).
PH20 = saturated water vapor pressure at BTP = 6.27 kPa (47 mmHg).
RQ = respiratory quotient = CO2 productionl02 consumption = 0.8 in normal adults.

Equation 3 above may be simplified assuming that RQ = 0.8, and Pmo = 6.27 kPa;

PA02 = 0.94 X Pj02 - 1.25 x PaC02 ......(4)

Pj02 = inspired oxygen partial pressure.

The alveolar arterial oxygenpartial pressure difference, the (A-a)D02, varieswith age
according to equation 5.

(A-a)D02(kPa) = - 0.57 + AGE/17.5 (5)

Subtracting the (A-a)D02 in equation 5 from the PA02 in equation 4 yields the Pa02.
If the assumption is made that the PaC02is relatively unchanging and constant at 5.33 kPa
(40 mmHg), and ignoring the negligible contribution of the correction for saturated water
vapor pressure in the lungs, the simple clinically useful equation below, equation 6 may be
derived.

Age
Pa02(kPa) =PI02(kPa or %) - 6 --- (6)

17.5

This equation may be used to calculate a rough estimate of the expected Pa02 for any
given Pi02 in adults.

N.B.(1) - As the P02 in kPa at standard atmospheric pressure is about equal to the con
centration in percent· (1 Atm = 101.33 kPa), the Pi02 may be given as percentage oxygen
concentration or in kPa.
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N.B.(2) -This calculated Pa02 may be converted to mmHg by multiplying the result by 7.5.

REFERENCES
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Chapter 4.3

OXYGEN CONTENT AND OXYGEN FLUX

Oxygen content and oxygen flux are two important concepts in understanding the
meaning of any arterial Pa02.

The body requires a minimum amount of oxygen per unit time in order to function
properly. In order that this requirement be met, at least that amount of oxygen must be
pumped out of the heart into the body per unit time. A given volume of blood contains an
amount of oxygen that is dependent upon the PaOZ and haemoglobin concentration. This
is the oxygen content. Flow ofoxygen into the body is dependent on the cardiac output, and
the oxygen content of the blood. This is the oxygen flux. The same principles may be ap
plied to the blood flow to a given organ and the oxygen requirement of that organ. Here
one speaks of oxygen flux to an organ.

The meaning of these concepts is well demonstrated by the cerebral circulation. Brain
tissue requires a relatively large amount of oxygen per unit time. But the volume of blood
in the human brain is very small, and the oxygen contained in it is therefore rapidly ex
hausted. Because of this humans lose consciousness in 6-7 seconds after bilateral occlusion
of the carotid arteries [1], or after circulatory arrest. The minimal flow of fully oxygen
saturated blood through the brain that is necessary to maintain cerebral function is about
16-17 mIs/100 gms brain tissue/minute, [see chapter 2.7]. Assuming a normal haemoglobin
concentration, and full saturation of the haemoglobin with oxygen, this means an oxygen
flux of about 3.4 mIs oxygen/100 gm brain tissue/minute.

BLOOD OXYGEN CONTENT
1 gram of haemoglobin can bind with a maximum of 1.34 mls of oxygen at Body

Temperature and Pressure (Saturated) (BTPS). The amount of oxygen dissolved in blood
inphysical solution is 0.225 rnl OzJl/kPaP02, (0.003 rnl 01/100mlsImmHg POz).The oxygen
content of blood may thus be calculated.

OR
02 CONTENT = 802 x [Hb] x 0.134 + P02 x 0.03 .....(1)

02 CONTENT =802 x [Hb] x 0.216 + P02 x 0.225 ..•.(2)

02 CONTENT - rnIs oxygen per liter blood.
802 - percentage oxygen saturation.
[Hb] - haemoglobin concentration, gm/100 mIs in 1; mmolll in 2.
P02 - POz as mmHg in 1; and kPa in 2.
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N.B. A haemoglobin concentration of 1 mmol/l = 1.612 gm/100 mIs.

OXYGEN FLUX
This is the volume of oxygen pumped into the body per minute. It is calculated using

equation 3 below.

02 FLUX =Cardiac Output x 02 CONTENT .....(3)

02 FLUX = oxygen flux in mls 02 pumped out of the heart per minute.
Cardiac Output = cardiac output in Vrnin.
02 CONTENT = oxygen content in mls 02/l blood.

This formula gives the total amount of oxygen pumped out of the left ventricle per
unit time.

EFFECT OF Pso
The PSG, or degree of right- and left-shifting of the haemoglobin dissociation curve

has considerable clinical importance [see chapter 13.2]. Adequate oxygen transport to tis
sues is not only dependent on the cardiac output and percentage saturation of the
haemoglobin, but is also dependent on the partial pressure ofoxygen in the capillary blood.
It is the difference between the capillary P02 and the intracellular POz which is the force
driving the diffusion of oxygen from the capillaries into the surrounding cells. Tissue, espe
cially brain hypoxia, begins to occur when the venous POz is less than 2.67 kPa (20 mmHg)
[2,3]. Below this P02, the capillary oxygen partial pressure is insufficient for enough oxygen
to diffuse into cells lying around capillaries rapidly enough to enable normal cellular aerobic
metabolism to occur. This POz may be taken as the lowest capillary P02 compatible with
normal organ function.

In order for oxygen to diffuse into the cells, it must first be released from its bond with
haemoglobin. Ifno oxygen is released from its bond with capillary blood haemoglobin, no
oxygen will diffuse out of the capillaries into the cells, even if the capillary POz is much
greater than 2.67 kPa (20 mmHg). The PSG is an indexof the affinity, or strength ofthe bond
ing of oxygen with haemoglobin.

Oxygen diffuses out of the blood during its transit through the capillaries, and as a
result of this the capillary POz is lower at the venous end of the capillary than at the arterial
end. Ifcapillary blood POz drops below 2.67 kPa (20 mmHg) before it reaches the venules,
tissue hypoxia is likely. This is because the capillary P02 in the region of capillary
downstream from the point at which the POz dropped to 2.67 kPa is lower than this level,
and is insufficient to drive the diffusion of oxygen into the surrounding tissues at a rate fast
enough for normal aerobic metabolism. Such a situation is likely if the PSG is low as the
oxyhaemoglobin curve is left-shifted, and the affinity of haemoglobin for oxygen is high.
This means that little oxygen is released from haemoglobin until the capillary POz is quite
low, and this POz may be lower than 2.67 kPa (20 mmHg). A reduction of the PSG makes
tissue hypoxia likely under conditions of anaemia or increased oxygen consumption, even
at quite high levels of arterial saturation and PaOz, Some of the more common causes of
left-shifting of the oxyhaemoglobin curve are alkalosis, hypothermia, hypocarbia, and
reduced 2,3-DPG concentration [see figure 4.1.2]. Chapter 13.2 contains a discussion of the
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effects of extreme alkalosis on oxygen delivery, a typical example of the effects ofa reduced
Pso. Another example is given below.

Example showing effect ofchanging the PSQ.
Alkalaemia reduces the Pso. Consider a theoretical patient with a cardiac output =

6 Vmin, arterial S02 = 98%, [Hb] = 8 mmoVl = 12.8 gm/l00 mls, and blood pH = 7.38.
Let the Pv02 = 2.67 kPa = 20 mmHg, which means that the mixed venous S02 = 31%.
These parameters mean that the total body oxygen consumption is 695 mlsIminute [use
equations 2 and 4 in this chapter to calculate this]. Suddenly, because he has been ad
ministered sodium bicarbonate, his blood pH increases to 7.6, while cardiac output, oxygen
consumption, and [Hb] remain the same. But at pH = 7.6 the mixed venous S02 = 42.8%
at a Pv02 = 2.67 kPa = 20 mmHg [see table 13.2.2]. Let us calculate the oxygen delivery
possible at this new pH before tissue hypoxia becomes likely. This is also able to be calcu
lated using equations 2 and 4 in this chapter. The result is that an oxygen delivery of only
572 mls/minute is possible before the Pv02 drops below 2.67 kPa = 20 mmHg. But as the
oxygen consumption of this hypothetical patient has stayed unchanged at 695 mls/minute,
this patient requires more oxygen per minute than is delivered, and so tissue hypoxia will
occur.

The effects of increased Pso, or right shifting of the oxyhaemoglobin curve, are the
reverse of those of those of left shifting. Release of oxygen is greater than normal, and tis
sue oxygenation is enhanced at all levels of P02.

MINIMUM PERMISSABLE ARTERIAL OXYGEN SATURATION
The brain is the organ most sensitive to the effects of hypoxaemia. Electro

encephalographic evidence of cerebral hypoxia occurs at a jugular venous P02 of2.67 kPa
= 20 mmHg [2,3]. Using this as a minimum acceptable venous P02, and rearranging the
Fick equation, an equation giving the minimum arterial S02 compatible with normal
cerebral function can be derived. The amount of oxygen dissolved in physical solution may
be ignored at lower levels of Pa02 without any loss of accuracy.
The Fick equation is;

V02 = CO X (Ca02 • Cv02) ......(4)

V02 = body oxygen consumption in mls/minute.
CO = cardiac output in Vmin.
Ca02 = concentration of oxygen in arterial blood in mVl.
Cv02 = concentration of oxygen in venous blood in mVl.

Substitution of equation 2 into 4 after removing the term for dissolved oxygen, and
rearranging leaves equation 5 below.

V02
8a02 = + Sv02 ....(5)

0.216 x [Hb] xCO

[Hb] = haemoglobin concentration in mmoVl.
8a02, Sv02 = arterial and venous percentage oxygen saturation.
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FIGURE 4.3.1. • The minimum percentage arterial oxygen saturation of haemoglobin that is
required to prevent cerebral hypoxia occurring is related to the CARDIAC OUTPUT x
HAEMOGLOBIN CONCENTRATION PRODUCT for various levels of oxygen consumption.
This series of curves assumes normal plasma pH, and that cerebral hypoxia occurs when the
jugular venous POz is lower than 2.67 kPa (20 mmHg). If the measured arterial oxygen saturation
is less than that indicated by the graph for a given oxygen consumption and CO x (Hb] product,
then tissue and cerebral hypoxia are likely.

Equation 5 may be used to calculate the minimum Sa02 above which tissue hypoxia,
especially brain hypoxia, will not occur. The jugular venous P02 below which cerebral
hypoxia becomes likely is 2.67 kPa, which means a Sv02 = 31% at a venous pH = 7.38.
The assumption may be made that venous pH is nearly equal to arterial pH. Equation 5
may then be rewritten for the situation of normocarbia using the Sv02 = 31%. This equa
tion allows the minimum Sa02 for any given level of oxygen consumption, cardiac output
and haemoglobin concentration to be calculated. Tissue hypoxia, especially brain hypoxia,
is likely to occur if the measured Sa02 is lower than that calculated by equation 6, or given
by figure 4.3.1.

V02
Sa02(mlnlmum) = + 31 ..•...(6)

0.216 x [Hb] x CO
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Example 1.
An example of the use ofequation 6and figure 4.3.1 is the threshold ofunconsciousn

ess due to acute hypoxia. Unconsciousness due to hypoxaemia occurs at a Pa02 of3.3-4 kPa
(25-30 mmHg) in healthy humans made acutely hypoxic [4]. Assuming maximal ability to
increase the cardiac output, and a normal haemoglobin concentration, a [Hb] x CO product
of 80 may be assumed if the [Hb] = 8 mmol/1 = 13 gm/100 mIs and the CO rises acutely to
10Vmin. An awake, but totally inactiveyoung adult consumes oxygen at a basal rate ofabout
300 mis/minute. From these data, and using figure 4.3.1, the threshold of unconsciousness
due to cerebral hypoxia may be expected to occur at an Sa02 of about 50%. Such a satura
tion corresponds with a P02 of 3.6 kPa (27 mmHg), corresponding quite well with the
experimentally measured value. Increasing the cardiac output to levels such as 20 Vmin
reduces the minimum Sa02 compatible with consciousness to about 40%.

Example 2.
A patient who is elderly, B-blocked, has a fixed rate pacemaker, or has heart disease,

often simply cannot increase his cardiac output to even 10 Vmin. Unconsciousness and
general tissue hypoxia, due to acute hypoxia will occur at a much higher Sa02 in such a per
son. For example consider such a sick, septic, B-blocked elderly patient who has lost blood
during surgery, and who can only increase his cardiac output to a maximum of 6 Vmin, has
a [Hb] = 5 mmol/1 = 8 gm/100 mI, and a basal oxygen consumption increased by surgery
and sepsis to 400 mls per minute. Such a patient is likely to develop tissue hypoxia and be
come unconscious at an Sa02 = 93%, which as is seen from the oxyhaemoglobin dissocia
tion curve is about equal to a Pa02 of 8 kPa (about 60 mmHg). Such a Pa02 is not uncom
mon in such sick patients. A blood transfusion to increase the haemoglobin concentration
will lessen the risk of tissue hypoxia, as will administration of an inotropic drug to increase
the cardiac output.

Example 3.
Let us consider the effects of a blood transfusion or inotropic therapy on the patient

of example 2.

a. A blood transfusion to elevate the [Hb] to 6.7mmoVl = 10.7 gm/100 mls while the car
diac output remained at 6 Vmin would alter the situation such that tissue hypoxia would
only occur once the Sa02 dropped below 77.3%. This is a large improvement, and well
demonstrates the value of a blood transfusion in such patients.

b. The same effect can be achieved by increasing the cardiac output to 8 Vmin by an in
otropic drug, or an inotropic/vasodilator drug combination. Here the CO x [Hb] product
would also be equal to 40. This is a solution which obviously has application as a tem
porary measure until blood can be fetched. Because the cardiac output must be elevated
this solution is not recommeded for patients with severe ischaemic heart disease.

IMPLICATIONS OF THE CONCEPT OF OXYGEN FLUX
1. If the haemoglobin concentration falls, the cardiac output must increase, or the Sv02
decrease, to maintain the same oxygen delivery.

2. If the Pa02 falls the cardiac output must increase, or the Sv02 decrease, to maintain the
same oxygen delivery.
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3. A person with a low cardiac output is more likely to develop tissue hypoxia at any given
haemoglobin concentration and Pa02 than a person with a higher cardiac output. If the
patient has cardiovascular disease, or is hypovolaemic, the cardiac output cannot increase,
and tissue hypoxia will occur at a higher haemoglobin concentration and Pa02 than in a per
son with the same haemoglobin concentration, but whose cardiac output can increase.

N.B. The clinical consequences of the concept of oxygen flux and Pso are discussed further
in chapters 5.1,13.2 and 13.3.
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Chapter 4.4

RESPIRATORY FUNCTION TESTS

At the present time it is possible to have a large number ofpulmonary function tests
performed in the lung physiology laboratory attatched to many large hospitals. In fact the
clinician is sometimes overwhelmed by the amount of informationpresented. But what the
physician wishes to know from these test results is simply what the clinical implications of
any abnormal test results are. The purpose of this chapter is to provide a simple explana
tion of the clinical implications of the most commonly measured respiratory function tests.

Table 4.4.1.
NORMAL VALUES FOR RESPIRATORY PARAMETERS IN ADULTS [1,2,3,4]

Oxygen consumption (V02)
Carbon dioxide production (VC02)
Respiratory rate (RR)
Tidal volume (VT)
Minute volume (MY)
Anatomical dead space (Vda)

Total lung capacity (TLC) Male =
Female =

Vital Capacity (VC) Male =
Female =
OR =

Functional Residual capacity (FRC)
Closing capacity(CC)/FRC (supine)
Forced expiratory Volume
in one second (FEV,)
FEV,NC
Maximum Breathing capacity (MBC)
Peak Expiratory Flow Rate (PEFR)

Resting Pa02 (air)

(A-a)D02 (supine)

4 mis/kg/min
3 mlslkg/mln
12-16 breaths/minute
7-10 mls/kg
100 mlslkglmln
2.2 mis/kg

94 x HEIGHT(cms) - 9800 (mls)
79 x HEIGHT(cms) - 7800 (mls)

51 x HEIGHT(cms) - 4300 (mls)
33 x HEIGHT(cms) - 2300 (mls)
52 mIs/kg for males and females

46.4 x HEIGHT(cms) - 6040 mls
0.64 + 0.01 x AGE

0.75xVCmls
> 0.75
35 x FEY, liters/min
710 - 4.5 x AGE(yrs) IImin

109 - AGE/2 mmHg
14.5 - AGE/14.5 kPa

·0.57 + AGE/17.5 kPa
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FIGURE 4.4.1. - Drawing of a spirometer tracing showing the various lung volumes in liters
for adult lungs.

LUNG VOLUMES
The time available for gas exchange during a respiratory cycle is limited. Within that

time C02 must be eliminated, and enough oxygen must diffuse from the alveoli into the
blood for metabolic requirements.

In order that enough oxygen can diffuse into the blood, and C02 out of the blood,
within the time available, gas exchange must take place across a minimum given area of al
veolar membrane, that is within a minimum lung volume. If the static and dynamic lung
volumes that are measured for any particular person are less, or more than is normal for
that person's age, body weight, and sex, the existence of abnormal pulmonary function is
likely.

The usual lung volumes measured are Vital Capacity (VC), Functional Residual
Capacity (FRC), Closing Capacity (CC), Residual Volume (RV), Dead Space, and Total
Lung Capacity (TLC). These are commonly measured with a spirometer, and/or body box
technique in apulmonaryphysiology laboratory, although devices for bedside measurement
of these parameters are becoming increasingly available. These volumes are defined below,
and shown in figure 4.4.1.

1. Total Lung Capacity (TLC).
The total volume of gas in the lungs after a maximal inspiration.
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2. Expiratory Vital Capacity (VC).
This is the volume of gas measured during a maximal forceful exhalation, which has

been preceded by a maximal inhalation.

3. Residual Volume (RV).
The volume of gas left in the lungs after a maximal expiration.

4. Tidal Volume (TV).
This is the volume of gas inhaled or expired during a normal respiratory cycle.

5. Functional Residual Capacity (FRC).
The volume of gas left in the lungs at the end of tidal expiration.

6. Dead Space.
This may be anatomical or physiological. Ineither case itmay be defined as the volume

within the respiratory system in which gas exchange does not occur.

A.

-4
o0···0···••• •••

ALVEOLUS

B.

+4

o ..... •.......... +5

ALVEOLUS

END INSPIRATION END EXPIRATION

FIGURE 4.4.2. - Closing capacity. At the end of inspiration the pressures inside the alveoli
and small airways are greater than the intrapleural pressure, as is depicted in A. During expira
tion to residual volume, a lung volume occurs at which intrapleural pressure exceeds that inside
the small airways, as is depicted in B. The small non-cartilagenous airways then close, trapping
the remaining gas in the alveoli. This lung volume is the closing capacity.

7. Closing Capacity (CC), or Closing Volume (CV).
This is that lung volume during expiration at which closure of small airways occurs,

trapping gas in the alveoli distal to the closed airway.
During expiration the intrathoracic pressure increases, and eventually the in

trathoracic pressure is so increased that small airways closure occurs. The airways affected
are the small non-cartilagenous airways, which close because the pressure outside those air
ways is greater than that within the airways. This is shown diagrammatically in figure



166 Chapter 4.4

4.4.2. As the gas in the regions of lung where this occurs is not as completely refreshed with
each new breath, as it is in lung regions where airway closure does not occur, the P02 in
those regions decreases, and the PC02 increases. That is, there is hypoventilation of those
regions of lung where such air-trapping occurs. This occurs mainly in dependent regions of
the lungs, as the intrapulmonary and intrapleural pressures are highest here due to the ef
fects of gravity on the lungs.

The practical anaesthetist should remember that the CC increases with age, and that
in the healthy adult;

• at 20 years of age CC < PRC in the supine awake person.
• at 40 years of age CC = PRC in the supine awake person.
• at 60 years of age CC = PRC in the standing awake person.

INDICES OF HYPOVENTILATION
Anexample ofa hypoventilated lung volume is the functional residual capacity (PRC).

This is the gas volume remaining in the lungs at the end of a tidal expiration. At the end of
expiration this gas remains in the lungs, and because gas exchange still continues across the
alveoli during expiration, the PC02 in this gas volume continues to increase, and the P02
to decrease. This gas then mixes with the fresh inspired gas, reducing the P02 and increas
ing the PC02 of the gas mixture in the alveoli so that the end-inspiratory alveolar gas com
position is never the same as the inspired gas composition. The volume oflung which makes
up the FRC is therefore hypoventilated, as the gas in this volume is never completely
refreshed with each respiratory cycle.

If the PRCfILC ratio is larger than normal, as occurs in patients with chronic obstruc
tive airways diseases, the volume of CO2 rich, and 02 poor gas which then mixes with the
fresh inspiratory gas is also greater than normal, and as a result the end-inspiratory alveolar
POz is lower, and the end-inspiratory PCOz is higher than normal. This is pathologically in
creased hypoventilation, and if extreme enough actually causes hypoxaemia and hypercar
bia. Hypoventilation not only predisposes to hypoxaemia and hypercarbia, but also
predisposes to absorbtion atalectasis.

It is apparent from the above discussion that indices of hypoventilation are therefore
measures of how much gas remains in the lungs at the end of an expiration relative to the
VC, TLC or PRe. Such indices are therefore all ratios using one of these three parameters
as a denominator. Indices of hypoventilation are: FEV:t/VC, CC/FRC, RV(fLC, VC/fLC,
RVtrLCetc.

General anaesthesia and surgery both increase all measures of hypoventilation, and
should a patient have a greater than normal hypoventilated lung volume, this will certain
ly be greater postoperatively, with as a result the patient will develop a greater than normal
degree of postoperative hypoxaemia and hypercarbia.

INDICES OF OBSTRUCTION TO GAS FLOW
Obstruction to respiratory flow has a number of deleterious effects.

a. Obstruction to expiratory gas flow causes hypoventilation.
If there is obstruction to expiratory gas flow so that agiven level of respiratory minute

ventilation cannot be maintained, the increasingly larger volumes of gas remaining in the
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lung at the end of inspiration increases the intrapulmonary gas pressures, increasing the
pressure driving gas out of the lungs, so that eventually the required expiratory volume can
be exhaledwithin the time available for this. This manifests as an increased FRCfl'LC ratio,
the effect ofwhich is to cause pathologically increased hypoventilation, e.g. as is present in
patients with chronic obstructive airways disease.

b. Obstruction to inspiratory flow also causes hypoventilation.
Obstruction of inspiratory gas flow limits the volume of gas entering the lung, and so

limits gas flow out of the lungs too. The effect of this is that hypoventilation occurs if
respiratory muscle activity is unable to maintain normal gas exchange.

c. Obstruction to expiratory gas flow impairs clearance of bronchial secretions.
Apatient with severely impaired ability to generate asufficiently high expiratory flow

rate, e.g. during coughing, is unable to cough bronchial secretions out of the lungs, and so
has an increased chance of developing pulmonary atelectasis and infection [see chap. 4.6].

The importance ofbeing able to efficiently coughbronchial secretions out ofthe lungs
cannot be stressed enough. It is one the main causes ofpostoperative respiratory infection.
A patient who cannot do this effectively has a very high risk of developing postoperative
respiratory complications related to infection and hypoventilation.

Indices of obstruction
The usual tests of obstruction used are indices of expiratory flow restriction as this is

by far the most common type of respiratory obstruction. Tests such as Forced Expiratory
Volume in one second (FEV1), FEV1/VC, Peak Expiratory Flow Rate (PEFR), Maximum
Breathing Capacity (MBC), and Mean Mid-Expiratory Flow Rate (MMEFR), are all in
dices of how rapidly gas may be moved out of the lungs. They give a measure of the resist
ance of the airways to flow of respiratory gases, These parameters are defined below.

a. Forced Expiratory Volume in one second (FEVI.).
This is the volume of gas that is able to be forcefully exhaled from the lungs through

an open mouth during a time period of one second, after a preceding maximal inspiration.

b. Peak Expiratory Flow Rate (PEFR).
The is the maximum flow rate able to be developed during a forceful maximal expira

tion through an open mouth after a preceding maximal inspiration.

c. Mean Mid-Expiratory Flow Rate (MMEFR).
This is the gas flow rate measured at the point during a maximal forceful expiration,

when one halfof the vital capacity has been exhaled. This measure is said to be less depend
ent upon the degree of respiratory effort than the MBC, PEFR, or FEV1.

d. Maximum Breathing Capacity (MBC).
This is the maximum volume of air that can be breathed per minute, usually the max

imum expired minute volume that is possible. This is measured over a period of 15 seconds
and the volume measured multiplied by four. It is a measure of both inspiratory as well as
expiratory obstruction in persons with normal neuromuscular function, simply because the
less air that can be displaced per unit time, the greater the degree of respiratory obstruc
tion present
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EFFICIENCY OF GAS DIFFUSION ACROSS ALVEOLAR MEMBRANES
Gas diffusion tests, such as the carbon monoxide diffusing capacity, give an idea of

the efficiency of gas diffusion across the alveolar membranes.
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Chapter 4.5

PULMONARY EFFECTS OF ANAESTHESIA AND SURGERY

It has been appreciated for manyyears that anaesthesia and surgery exerta deleterious
effect on pulmonary function, both during and after surgery. The alveolar-arterial oxygen
gradient «A-a)Doz), is increased during anaesthesia, and may remain elevated for some
days postoperatively. Such an elevation of the (A-a)Doz may be the cause of significant
hypoxaemia, especially in the elderly, or those with disordered pulmonary function.

One of the tasks of the anaesthetist is to detect patients at risk of perioperative ex
acerbation of existing respiratory problems, or of developing serious perioperative
respiratory insufficiency. This requires a basic knowledge of the effects of anaesthesia and
surgery on respiratory function.

CAUSES OF PERIOPERATIVE HYPOXAEMIA
1. Position of the patient.

In the normal adult, the supine position causes the diaphragm to rise 4 cm higher in
the chest than its level in an erect position [12]. This causes an elevation of the mean in
trathoracic pressure, as a result of which the closing capacity increases, and the FRC
decreases. Both of these factors cause the physiological dead space to increase [13]. The
end result of all these changes is hypoventilation of a larger volume of lung tissue than nor
mal, and a decrease of alveolar ventilation.

These changes are exacerbated even further by the Trendelenberg, side, prone, etc
positions.

2. Operative technique.
The operative technique may also adversely affect intraoperative oxygenation. Opera

tive sites and operations that spring to mind are;

e thoracotomy where one lung is collapsed,
e upper abdominal surgery with retraction of intra-abdominal viscera against the

diaphragm,
elaparoscopy where large amounts of intra-peritoneal gas restrict diaphragmatic

movement,
e and surgery in the Trendelenberg position, where the weight of intra-abdominal

viscera pressing against the diaphragm restrict respiratory movements.
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3. Hypovolaemia.
Hypovolaemia causes the (A-a)D02 to increase and the Pa02 to decrease [14]. This

is due to a combination of increased oxygen consumption, and a reduction of cardiac out
put due to hypovolaemia which reduces both peripheral oxygen transport and availability
[14, 15].
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FIGURE45.1. •The normal and abnormal responseofthe respiratory minute volume to chan
ges of PA02 are shown for various conditions. The respiratory minute volume does not normally
begin to increase significantly until the PA02 has fallen below 8 kPa (60 mmHg).

4. Reduced respiratory drive.
a. Hypoxic respiratory drive.

The normal respiratory response to changes ofPA02 in humans whose pH and PAC02
are kept constant is described by equation 1below [1], and shown in figure 4.5.1.

Vm = Vo + AI(PA02 X 7.5 • 32) •••••••••••••(1)

PA02 = alveolar P02 in kPa (N.B. remove the factor 7.5 for PA02 in mmHg).
Vo = normal resting, or initial minute volume in Vmin.
Vm = respiratory minute volume in Vmin.
A = a constant for normal adults = 186 if the PaC02 is kept constant at 4.8 kPa (35.9
mmHg) [1].
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As can be readily appreciated from figure 4.5.1 and equation 1, the respiratory minute
volume only increases significantly if the PA02 falls below 8 kPa (60 mmHg). The change
ofrespiratory minute volume in response sudden to changes of PA02 is rapid, being essent
ially complete in 18-23 seconds [2]. The response to changes of PA02 is influenced by a
number offactors some of which are listed in table 4.5.1 and in fig. 4.5.1.
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FIGURE 4.5.2. - The normal and abnormal responses of the respiratory minute volume to in
creasing PACOZ are shown for various conditions. If the PAC02 is acutely reduced below 4 kPa
(30 mmHg) in this example, spontaneous respiration ceases.

b. Hypercarbic respiratory drive.
The normal respiratory response to changes ofPAC02is an increase ofthe respiratory

minute volume in direct proportion to any increase OfPAC02 and vice versa. This response
may be described in normal adults by equation 2 [1], and which is plotted in figure 4.5.2.

Vm = S X (PAC02 x 7.5 - B) •....••...•....(2)

PAC02 = alveolar PC02 in'kPa (remove the factor 7.5 for PAC02 in mmHg).
S = a constant for normal adults = 2.69 [1].
B = a constant for normal adults = 33.1 [1].
Vm = respiratory minute volume in Vmin.
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Respiratory response to changes ofPCQz is affected by many factors that are present
in the perioperative period. Some of these are listed in figure 4.5.2 and in table 4.5.1.

Table 4.5.1.
Factors affecting respiratory response to hypoxaemia and hy
percapnia.

FACTOR AFFECTING Response to Response to
RESPONSE HYPOXAEMIA HYPERCAPNIA

PaC02
Hypercapnia [2] t
Hypocapnia [2] ~

Pa02
Hypoxia [3.5] t

pH
Acidaemia [3.10] t t
Alkalaemia [5.10] ~ ~

Disease & Physiology
Hypothyroidism [4] ~ ~

Fever [5] ? t
Old age [8] ~ ~

Drugs
Opiates [5.6] ~ ~

Barbiturates [11] ~ ~

Benzodiazepines [9] ? ~

Anaesthetic gases.
including N20 [7.11]

"~" = depressed; "t" = enhanced.

c. Factors affecting hypoxic and hypercarbic respiratory drives.
Both the hypoxic or the hypercarbic respiratory drives may be affected by disease or

drugs in patients coming for operation. Some of the most common factors affecting
respiratory response to alterations ofPaCQz and Pa02 are shown in figures 4.5.1 and 4.5.2,
and also listed in table 4.5.1. As maybe expected from table 4.5.1 patients who have under
gone general anaesthesia have postoperative depression ofboth the hypoxic and hypercar-
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bic respiratory drives. In some patients with marginal preoperative respiratory function this
may be sufficient to exacerbate any tendency to respiratory failure.

5. Acid-base disorders.
Acidaemia and alkalaemia both affect respiratory control. Induction of acidaemia

while maintaining a constant Pa02 and PaC02, causes the respiratory minute volume to in
crease, and alkalosis has the reverse effect [10]. The degree to which the respiratory minute
volume changes per unit change of pH is highly variable from person to person [10].

In addition to its effect on minute ventilation, change ofblood pH has a profound ef
fect upon the ventilatory responsiveness to changes of PaC02 as well as Pa02. Alkalaemia
decreases the magnitude of the normal response to increasing PaC02 or decreasing PaO:z.
Acidaemia has the reverse effect [see table 4.5.1, and figure 4.5.2].

6. General anaesthesia.
General anaesthesia, regardless ofwhether anaesthetic gases alone, or neuromuscular

blocking agents are used always causes some degree of muscle relaxation. This has a
profound effect on respiratory physiology, especially when combined with the effects of the
position of the patient, e.g. supine, trendelenberg, prone etc.

a. In the supine position, pressure exerted by the intra-abdominal contents tends to push
the diaphragm up into the thorax. General anaesthesiaexacerbates this by causing relaxa
tion of the diaphragmatic muscle fibers. The diaphragm rises higher into the chest in
supine patients during all phases of the respiratory cycle during anaesthesia than it does
in consciousness [16].

b. In the case ofpatients spontaneously breathing agaseous anaesthetic, the depth ofanaes
thesia required for surgery to be possible causes significant skeletal and diaphragmatic
muscle relaxation. Techniques of anaesthesia using controlled ventilation and muscle
relaxant drugs cause a similar degree of muscle relaxation. It is for this reason that no
significant difference in the degree ofdiaphragmatic relaxation is observed when the two
anaesthetic techniques are compared [16].

c. In addition to a reduction of the diaphragmatic component of respiratory movement,
movement of the chest wall is also reduced during general anaesthesia as a result of
relaxation of the intercostal and other accessory respiratory muscles. Chest wall con
tribution to tidal respiration is accordingly reduced [17].

The effect of diaphragmatic and intercostal relaxation is to reduce the intrathoracic
volume during all phases of the respiratory cycle during anaesthesia. This reduces the FRC
below the volume existing prior to general anaesthesia. The reduction of the FRC is max
imal within 13 minutes after induction of general anaesthesia, and is reduced to 90-75% of
the value in consciousness, regardless ofwhether the patient receives amuscle relaxant drug
and is mechanically ventilated, or whether he spontaneously breathes an anaesthetic gas
[18,19,21]. As the mean intrathoracic pressure is increased by the reduction of thoracic
volume, the closing capacity of the lungs also increases during anaesthesia [20,21].

If the FRC is less than the closing capacity (CC), air trapping with hypoventilation oc
curs. A measure of this effect is the CC/FRC ratio. The CC/FRC ratio always increases
during general anaesthesia. Equation 3 below shows the change of the CC/FRC ratio with
age for supine awake adults [13].
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CC/FRC =0.64 + 0.01 x AGE(yrs) •••••(3)

The greater the CC is in relation to the FRC, the greater the (A-a)D02 [20]. As is to
be expected, the (A-a)D02 in supine awake adults also increases in direct proportion to the
age of the patient [24].

(A-a)D02(kPa) = - 0.57 + AGE/17.5 .......(4)

These changes are magnified by the changes of pulmonary physiology induced by
general anaesthesia. The ultimate effect of all these changes is to increase pulmonary
hypoventilation. This accounts for the measured increase ofvenous admixture that occurs
during general anaesthesia, regardless ofwhether ventilation is controlled or spontaneous
[21].

It is obvious from the above that it is not only those with disordered pulmonary func
tion that are at risk from possible hypoxaemia during anaesthesia, but that the aged are also
especially likely to develop intraoperative hypoxaemia.

7. Regional anaesthesia.
Pulmonaryfunction is unaffected by most loco-regional anaesthetic techniques. How

ever both spinal and epidural anaesthesia do cause the physiological dead space to increase,
although without otherwise affecting pulmonary function [21]. Hypotension during any
regional anaesthetic technique does cause the (A-a)D02 to increase, as would be expected
from the altered pulmonary ventilation-perfusion relationship that this induces.

POSTOPERATIVE RESPIRATORY EFFECTS OF REGIONAL ANAESTHESIA
Regional anaesthesia itself has a minimal effect on respiratory function. When used

alone, in combination with sedation, or together with general anaesthesia, regional anaes
thesia eliminates wound pain, and by reducing the total intraoperative as well as postopera
tive opiate requirements, results in patients having a much more rapid recovery of normal
respiratory function [21].

POSTOPERATIVE HYPOXAEMIA AFTER GENERAL ANAESTHESIA
1. MagnitUde of postoperative hypoxaemla.

It has been appreciated for many years that most patients develop a degree of pos
toperative hypoxaemia after undergoing operations performed under general anaes
thesia. The magnitude of the postoperative reduction ofPa02is dependent both on the age
of the patient and the operative site [see fig. 4.5.3]. The regression equations shown in fig
4.5.3 show what has been known for many years. That is, that the elderly are more
hypoxaemic postoperatively than younger patients, and that operations in the upper ab
domen and thorax cause significant postoperative hypoxaemia [21,22,23].
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2. Duration of postoperative hypoxaemla.
The duration of postoperative hypoxia is dependent upon the nature of the operation

and the type and duration of general anaesthesia.

a. Non-abdominal operations of <30 minutes duration.
General anaesthesia lasting less than 30 minutes for non-abdominal operations causes

hypoxaemia that is maximal upon discontinuation of anaesthesia, after which the Pa02
returns to preoperative values by about 3 hours postoperatively [21].

b. Lower abdominal surgery of >30 minutes duration.
General anaesthesia administered longer than 30 minutes for lower abdominal

surgery causes a period of postoperative reduction of Pa02, and vital capacity which may
last for up to 3 days [22].

c. Upper abdominal surgery of >30 minutes duration.
General anaesthesia administered longer than 30 minutes for upper abdominal

surgery causes a reduction of the vital capacity, FRe, and Pa02 for a period of about 7-10
days [22].
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3. Causes of postoperative hypoxaemla.
a. Residual effects of anaesthesia.

Diffusion hypoxia occurs ifoxygen is not administered for at least 3 minutes after dis
continuation of nitrous oxide. Such hypoxia only lasts a few minutes.

Respiration may be depressed by reduction ofhypoxic and hypercarbic drives due to
the remaining effects of barbiturates, benzodiazepines, opiates and anaesthetic vapors.
Respiratory muscle strength may be reduced if the effects of any non-depolarizing
neuromuscular junction blocking drug have not been adequately reversed.

b. Hypovolaemia.
Hypovolaemia reduces cardiac output if severe enough. This in tum reduces blood

flow to all tissues, as well as altering the distribution of pulmonary blood flow. An eleva
tion of the (A-a)D02 is the result of these changes.

c. Effects ofsurgery.
Wound pain inhibits respiratory movement in patients who have been operated in the

upper abdomen and thorax. Pain also suppresses coughing, reducing the clearance of pul
monary secretions.

d. Effects of postoperative analgesia.
All opiates depress respiration by depressing the hypoxic and hypercapnic respirat

ory drives. In addition to these effects, opiates depress coughing, and so the clearance of
pulmonary secretions. Postoperative administration of opiates can therefore exacerbate
any tendency to hypoxaemia.

e. Postoperative pulmonary complications.
It has been appreciated form the beginning of this century that patients may develop

postoperative pulmonary complications. These are particularly likely to occur after thoracic
and upper abdominal surgical procedures, are less likely after lower abdominal surgery, and
are least likely to occur after minor limb surgery [25].

Postoperative pathological changes are either due to a variety of mechanisms [see 25
for review].

i. Retention ofbronchial secretions.
This is the result of depressed mucociliary clearance due to inhibition of cough by

wound pain, suppression of coughing by drugs, orweakened respiratory muscles causing in
effective cough. Retention ofsecretions may either cause obstruction of airways and atelec
tasis, and the secretions themselves are a fertile breeding ground for bacteria.

ii. Atelectasis.
Atelectasis may be due to diffuse microatelectases which are not visible on a chest x

ray. Or atelectasis may be more gross causing collapse of one or more lung lobes. The lat
ter is visible on a chest X-ray.

Postoperative atelectasis may be produced by a variety of causes, decreased pos
toperative lung volumes, lung volumes that are decreased below closing capacity, retention
of bronchial secretions, and loss of the normal physiological sigh.
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iii. Pulmonary infection.
Infection may occur in a region ofatelectasis or in retained pulmonary secretions. The

result varies in severity from mild bronchitis to severe life-threatening pneumonia.

iv. Hypoxaemia.
Atelectasis, and severe pulmonary infections may cause hypoxaemia if they are severe

enough. This will further exacerbate postoperative hypoxaemia due to any of the other
causes discussed earlier in this chapter.
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Chapter 4.6

PREOPERATIVE ASSESSMENT OF RESPIRATORY FUNCTION &
ITS CONSEQUENCES

The purpose of preoperative respiratory function assessment is to detect those
patients whose respiratory function is likely to be seriously adversely affected by anaesth
esia and surgery. In general it may be stated that the worse the preoperative lung function,
the more likely it is that the patient will suffer significant postoperative exacerbation of ex
isting pulmonary dysfunction [15,16,19]. Actual respiratory failure may occur postoperat
ively in patients with severe preoperative pulmonary disease.

Armed with knowledge of the severity of any pulmonary disease, a plan ofmanagem
ent for the type of anaesthesia, and postoperative respiratory therapy may be made so as to
limit any exacerbationofrespiratory dysfunction in the perioperative period. Ifsuch therapy
is aggressive and effective, most patients with severely disordered lung function will survive
anaesthesia and surgery, even those whose lung function test parameters are in a so called
"lethal" region [4]. Anaesthesia and surgery need never be refused a patient purely on the
basis of severely disordered lung function.

Both clinical and laboratory investigations may be used to assess respiratory function.
Clinical assessment of respiratory function gives a reasonably accurate idea of the degree
ofrespiratory function impairment. But this is not quantifiable data, and so tests which yield
a quantifiable value should also be used where indicated to more accurately diagnose the
nature of the disease, to provide a quantifiable measure of its severity, and to measure the
effects of any therapy.

CLINICAL ASSESSMENT
Clinical assessment includes history taking, careful observation of both the behavior

and mental status of the patient, and physical examination.

History.
A detailed history of the level of physical activity of the patient should be made. Fac

tors such as ability to work, carry out normal household activities, shopping, walking, stair
climbing, sport, and cycling are all important. A simple physical functional classification
may be made based on this information [3].
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Functional Classification
Class 1. Patients with lung disease, but no limitation of activity except with heavy or

protracted physical exertion.

Class 2. Patients with lung disease. They are able to work, to some extent. Dyspnea occurs
after climbing steps for more than one story.

Class 3. The person is unable to work due to lung disease, but is able to manage personal
requirements, and to leave home to go shopping. Dyspnea occurs after climbing steps
for less than one story.

Class 4. Severe lung disease. Causes such severe disability that the person is bedridden, or
unable to leave his room or house. Unable to manage personal requirements without
help.

Table 4.6.1.
Mortality after admission to intensive therapy unit
(lTV) for acute respiratory failure, related to lung
disease severity prior to acute failure [3].

Functional
class

2
3
4

% mortality after
admission to respiratory ITU.

12%
30%
50%

The mortality due to an acute exacerbation of existing lung disease in patients ad
mitted to a respiratory intensive care unit, is directly related to the functional class of the
person prior to the acute worsening of respiratory dysfunction [3, and see table 4.6.1].

This simple clinical classification has relevance to anaesthetic practice as it gives a
very clear idea of functional lung disease severity. Patients in functional classes 3 and 4
should be considered as having a high risk of developing postoperative pulmonary com
plications, and be managed accordingly in the perioperative period.

While assessing the functional level of the patient, the anaesthetist can also gain fur
ther information as to the degree of pulmonary dysfunction by observation of the patient.

Simple observation.
1. Smell for pus, and look at the contents of the sputum mug.
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2. Look for tachypnea, whether accessory respiratory muscles are being used, for cyanosis,
clubbing and nicotine staining of the fingers, and at the activity level of the patient.

3. listen for respiratory sounds, wheezing, bubbling, coughing, stridor etc. If the breathing
of a person at rest can easily be heard, then the respiratory function of that person is abnor
mal.

4. Carefully assess the story of the patient to see if it is consistent. Some patients may be
somewhat reticent about their true level of dysfunction. For example, a person sitting
upright in bed gasping and wheezing, with bright yellow nicotine staining of the fingers, is
very unlikely to have no limitation of physical activity, much less be able to walk up steps
easily, to be able to run a marathon, and to smoke only two cigarettes per day.

Physical examination.
Physical examination of the patient aids in providing a pathological diagnosis of any

respiratory disorder. This is ofuse when planning anaesthesia and perioperative respiratory
management.

Simple clinical bedside respiratory function tests.
In addition to the above clinical examination, some rudimentary respiratory function

tests which provide a more quantitative idea of the magnitude of the respiratory disorder
may be performed. Such tests, in addition to the history and physical examination, provide
a more reasonable basis as an indication for the requirement ofmore extensive laboratory
respiratory function testing.

1. Snider match test.
Here a maximal expiration is succeeded by a maximal inspiration, and the patient then

exhales with maximum force through his widely opened mouth, and tries to extinguish a
steadily burning PAPER match held at a distance of 7.5 or 15 cms (3 or 6 inches) from the
mouth. This is repeated 3-6 times until a consistent result is obtained. Inability to extingu
ish a match held at a distance of 7.5 cm (3 inches) from the mouth indicates that there is a
90% chance that the maximum breathing capacity (MBC) is less than 40 Vmin, and the max
imum mid-expiratory flow is less than 6 Vsec [12]. Failure to extinguish a match held at 15
ems (6 inches) from the mouth indicates that there is an 85% chance that the FEV! is less
than 1.6 Vmin, and the MBC is less than 60 Vmin [13].

A maximum breathing capacity of less than 40 Vmin is an important critical value. If
the maximum breathing capacity is less than 40 Vmin, the person is likely to have a lower
Pa02, and a higher PaC02 than normal. In addition to this, such persons are unable to sus
tain minute ventilation above resting levels for any length of time, and are more likely to
have a reduced hypercapnic respiratory drive. In short, this test may be used to define the
surgical patient with a higher than normal risk ofdeveloping postoperative respiratory com
plications [1].

2. Duration of expiration.
For this test, the physician places his stethoscope in the sternal notch, requests the

patient to exhale maximally, subsequently to inhale maximally, and then to exhale as rapid
lyas possible through his widely opened mouth. The duration ofaudible expiration is timed.
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This maneuver is repeated three or more times, until variation in the duration of the ex
piratory maneuver so performed is minimal.

The duration of audible expiration is directly proportional to the ratio of the
FEVIIVC, and is also related to the peak expiratory flow rate (PEFR). If the duration of
audible expiration measured in the manner described above is longer than 5 seconds, then
there is a more than 90% chance that the FEVIIVC ratio is less than 60%, and that the
PEFR is less than 250 l/rnin [2].

Table 4.6.2.
Relationship of bedside clinical respiratory function tests to
laboratory respiratory function tests [see text for description and
references].

Bedside test result

MATCH TEST· unable to
extinguish match held at;
·7.5 cms (3 inches) from mouth
- 15 cms (6 inches) from mouth

DURATION OF EXPIRATION
> 5 sec

BREATH HOLDING DURATION
< 20 sec

Corresponding laboratory
test results In >85% of

patients

MBC < 40 I/min
MBC < 60 I/min
FEV1 < 1.6l/min

FEV1NC < 60%
PEFR < 250 I/min

FEV1 < 1.71

Significantly abnormal
pulmonary function

3. Breath-holding test.
The maximum length oftime a person can hold their breath is also a simple guide to

global cardiopulmonary function. Breath holding time is determined by the volume of
oxygen in the lungs and blood at the start ofbreath holding, the rate at which oxygen is trans
ferred from the alveoli to the blood, the rate of oxygen consumption and carbon dioxide
production, in addition to the haemoglobin concentration, and the cardiac output.

If a cooperative healthy adult sitting at rest and breathing air is asked to exhale to
residual volume, and to subsequently inhale to total lung capacity and hold their breath as
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long as possible, the maximum breath holding time is about 76-87 seconds [7,8,11]. As
breath holding time is determined principally by the size of pulmonary oxygen stores, it is
not surprising that when a cooperative healthy adult breathing air is asked to hold their
breath at residual volume, the maximum breath holding time is only 20 seconds, about a
quarter of that possible at total lung capacity [11]. Indeed it has been found experimental
ly that breath holding time is directly proportional to the lung volume at the start of breath
holding [11]. Breath holding time is also directly proportional to the initial PA02 at the start
of breath holding if the PA02 is less than 8 kPa (60 mmHg), and is unrelated to the initial
PA02 if it is above this level [9,10]. Hypercapnic respiratory drive also has a major influe
nce on the maximum breath holding time, and maximum breath holding time is inversely
proportional to the PAC02 at the start of breath holding [9].

The practical clinician need only remember two figures for the average healthy adult
breathing air. Breath holding time is about 80 seconds ifbreath holding was started at total
lung capacity, and about 20 seconds if started at residual volume. This forms the basis for
the simple breath holding test below.

A cooperative adult sitting at rest and breathing air is asked to exhale maximally, sub
sequently to inhale maximally, and then to hold their breath as long as possible. Ifthe max
imum breath holding time is less than 20 seconds, respiratory or cardiac function is very
likely to be abnormal, as that person can only hold his breath for a time corresponding with
breath holding starting at residual lung volume, while they actually started breath holding
at total lung capacity.

LABORATORY RESPIRATORY FUNCTION TESTING
Clinicalhistory alone is not always effective in the detectionofpatientswith significant

respiratory disease, as some patients never admit to even severe functional impairment or
any respiratory problems [20]. The bedside tests of respiratory function discussed above
will detect many of these patients. However laboratory pulmonary function tests will detect
milder degrees of respiratory function impairment, in addition to providing a quantitative
measure of their severity. These provide quantitative information as to thresholds at which
the anaesthetist must consider more than usually careful and aggressive perioperative
respiratory therapy. In other words they permit a more quantitative definition ofwhat con
stitutes a patient with a high risk of developing postoperative pulmonary complications.

Some criteria as to minimum acceptable lung function for elective surgery are set out
below.

1. Single test criteria for all surgical patients.
a. Peak Expiratory Flow Rate (PEFR).

The peak expiratory flow rate (PEFR) may be used. This gives a measure of the max
imum rate at which air can be exhaled out of the lungs, and as such is a measure of the de
gree of airway obstruction present. A low PEFR means that the ability of the patient to
generate a bronchial airflow during coughing, which is sufficient to clear secretions, is
reduced. Such patients are at high risk of developing postoperative retention of pulmonary
secretions with all the consequences of this, Le. atelectasis, infection etc.

The PEFR in an adult at which this problem becomes significant is one which is less
than tracheal flow generated by a cough. In an adult the tracheal flow generated during a
cough is about 4-6 Vsec, Le. about 240-360 Vmin [14]. PEFR in adults is normally greater
than this [see table 4.4.1]. Investigations performed on surgical patients have shown that
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postoperative pulmonary morbidity is increased in patients whose preoperative PEFR is
less than 200 Vmin [15,16], while patients whose preoperative PEFR is less than 100 Vmin
have a very high risk of developing pulmonary complications [4,5].

b. Forced Expiratory Volume in one second (FEVI).
The FEV1 is also a measure of the rate at which air can be expired out of the lungs,

as well as being a measure of the volume of air present, especially when measured in con
junction with the vital capacity. The FEVl is therefore a complementary test to the PEFR,
and the both tests are linearly related. One study has provided regression equations relat
ing the two parameters (r = 0.94) [2].

OR
FEV1(lIters) =0.00567 x PEFR(I/mln) + 0.29

PEFR(I/min) = [FEV1 (liters) • 0.29]/0.00567

A PEFR of250 Vmin is equivalent to a FEVl of 1.71 liters, while a PEFR of200 Vmin
corresponds with an FEV1of 1.36 liters, and a PEFR of100 Vmin correspondswith an FEV1

of O.79 liters. These levels of FEV1also correspond with what is generally considered to be
associated with an increased risk of developing postoperative pulmonary complications
[18].

c. Maximum breathing capacity (MBC).
Most patients are in pain after an operation, some are anxious, they may be

hypoxaemic, hypercarbic, or even be febrile. The normal respiratory response to these
stimuli is an increase of respiratory minute volume. But patients with severe obstructive
airways disease are unable to maintain a significant elevation of their respiratory minute
volume for any length of time, becoming rapidly exhausted as a result of the increased
respiratory work. This exacerbates any existing hypoxaemia and hypercapnia, and may ac
tually be severe enough to precipitate actual respiratory failure and cause death. It is ob
viously ofgreat clinical utility for planning postoperative management to have an idea which
patients are likely to be easily exhausted by increased respiratory work. Such patients may
require postoperative respiratory support after major operations.

The above group ofpatients is defined by a MBC of less than 40 Vmin, as patients with
this degree of respiratory obstruction are unable to sustain involuntary hyperventilation in
response to hypercapnia for longer than 6 minutes without developing respiratory discom
fort[17].

d. Vital capacity.
The vital capacity is a measure of the maximum volume of gas able to be exchanged

per breath from which oxygen can be extracted and carbon dioxide excreted. In addition to
this it is also a useful, albeit crude, measure of respiratory muscle strength. Because of this
the vital capacity is able to be used as a parameter to determine the requirement for as
sisted ventilation, it being recommended that assisted ventilation is required for persons
whose vital capacity is less than 10-15 mls/kg body weight [22]. Various authors state that
such a vital capacity is associated with a high risk of postoperative pulmonary complications
[4, 19,23], although this is not so for lesser degrees of vital capacity reduction [15,16]. A
vital capacity of less than 15 mls/kg body weight in an adult also indicates that the PEFR
and FEVl are in the "high risk" range, and so also defines a "high risk" patient.
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2. A multiple test criterion for upper abdominal, and thoracic surgery.
A preoperative multiple parameter definition of an adult patient who has a high risk

of developing pulmonary complications after upper abdominal and thoracic surgery is one
with VC < 1.85 liters, FEV! < 1.2 liters, and an MBC < 28l/min [18].

4. Arterial blood gases.
Arterial blood gases usually remain normal until quite severe pulmonary dysfunction

is present. Measurement of arterial blood gases alone is therefore a totally inadequate way
of assessing respiratory function. They should only be considered in conjunction with other
respiratory function tests, as well as the clinical condition of the patient. However despite
these limitations, preoperative hypoxia and hypercarbia are both factors indicating that
patient has a higher than normal risk ofdeveloping postoperative pulmonary complications
[16]. Equation 6 in chapter 4.2 may be used as a guide to the expected PaO:z.

5. Chest X-ray.
This provides further data as to the pathology of any respiratory disorder.

DEFINITION OF THE "AT RISK" PATIENT
The preceding paragraphs have described a plethora of respiratory function tests

along with their clinical significance in some cases. However it presents a lot of informa
tion, and bears some recapitulation in a form which enables practical clinical consequen
ces to be drawn. A surgical patient "at risk" of developing postoperative pulmonary com
plications is a person with pulmonary dysfunction existing in the preoperative period, and
has one or more of the following characteristics.

1. Pulmonary function test parameters.
The pulmonary function test parameters which define a patient with an in". ",....,,,,j risk

of postoperative pulmonary complications are listed below.

• Preoperative hypoxaemia with a PaOz < 9 kPa (> 65-70 mmHg). Such a person
will be even more hypoxaemic in the perioperative period.

• A preoperative PaC02 > 6 kPa ( > 45 mmHg), is also an indicator of abnormal
gas exchange, and certainly that a degree ofpulmonary hypoventilation is present.
This is only exacerbated by anaesthesia and surgery.

• The respiratory minute volume may increase as a result ofpain, hypoxaemia, hy
percarbia, and fever, all ofwhich are likely after surgery and anaesthesia, and cer
tainly after major surgery. If a patient becomes rapidly exhausted by sustained
tachypnea in response to these physiological stimuli, then he is at risk of develop
ing even worse hypoxaemia and hypercarbia due to hypoventilation. Such a per
son may require postoperative mechanical ventilation. This group of patients is
defined by a MBC < =40 l/min [see above].

• Aperson who is unable to cough effectively is unable to clear bronchial secretions
efficiently. Such persons are at risk of developing atelectasis, pulmonary infec
tions etc. This group is defined by inability to generate a tracheal air flow equal
to, or greater than, the airflow generated by coughing. This group of patients has
a PEFR < 200-250 l/min, or a FEV! < 1.36-1.71 liters [see above].
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• Avital capacity ofless than 15 mlsIkg bodyweight is an indicator ofsevere muscle
weakness, or respiratory disease, and a PEFR as well as FEV1 in the high risk
range in adult patients.

While the presence of anyone of these factors alone indicates an increased risk of
developing postoperative pulmonary dysfunction, the presence ofmore than one factor ob
viously increases the likelihood.

2. Other factors of Importance.
While the respiratory function parameters are of importance, other factors also have

an important influence in determining whether any given patient will develop postopera
tive respiratory complications.

a.Age.
The aged have agreater chance ofdeveloping postoperative respiratory disorders [19,

and see chapter 4.5].

b. Obesity.
The obese patient has an increased chance of developing postoperative respiratory

complications [19].

c. Smoking.
A person who smokes more than 10 cigarettes per day is more likely to develop pos

toperative respiratory complications [see chapter 4.12].

d. Site of operation.
Surgery in some regions of the body is associated with a lower risk ofdeveloping pos

toperative respiratory complications. In order of frequency of complications, going from
the operative regions associated with the least postoperative respiratory complications to
the highest [19];

fewest complications - peripheral non-abdominal, non-thoracic surgery
- lower abdominal surgery
- upper abdominal surgery
- thoracic surgery without resection of functional lung tissue

most complications - thoracic surgery with resection of functional lung tissue.

ANAESTHETIC PLANNING FOR THOSE WITH IMPAIRED RESPIRATORY FUNC
TION

Nearly all patients with severe preoperative pulmonary disease can undergo anaes
thesia and surgery and survive the operation. Major problems, such as respiratory failure,
usually occur in the postoperative period, seldom during the operation. Indeed, this is only
to be expected when one considers that the oxygenation of such patients can nearly always
be improved, or at least maintained intraoperatively with modern intraoperative anaes
thetic management. But in the postoperative period, the patient is exposed to both the
deleterious effects ofsurgery, and the residual effects of anaesthesia on already disordered
respiratory function [see chapter 4.5]. Because of this, the anaesthetist, surgeon and inter-
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nist should plan the perioperative management of such patients in consultation with
eachother. In this way, with optimumuse ofmodem methods ofanaesthesiaand respiratory
therapy in the perioperative period, even patients with crippling pulmonary disease may be
operated upon and have a good chance of surviving surgery [4].

The steps to be followed with such "at risk" patients are detailed below and in table
4.6.3.

1. Recognition of the "at risk" patient.
The most important aspect of the management of the "at risk patient" is to recognize

that the patient is "at risk". Perioperative managment ofthe patient has a number ofaspects.

2. Management of the "at risk" patient.
The fact that a patient has an increased risk of developing postoperative pulmonary

complications does not automatically mean that he will develop them, and that all such
patients should be admitted to an intensive care postoperatively for mechanical ventilation
regardless of the type of operation. This is unnecessary, as well as being very expensive
medicine, in addition to which intensive care units are invariably experienced by most
patients as unspeakably horrible places in which to be admitted.

There are several steps which should be followed, and which when carefully followed,
do reduce the pulmonary consequences ofsurgery and anaesthesiain this unfortunate group
of patients.

a. Preoperative therapy.
Preoperative physiotherapy, bronchodilator therapy, and antibiotic therapy should be

administered preoperatively as indicated. In this way the patient may be brought into the
best possible conditionprior to operation. This therapy should be continued postoperative
ly, and has been shown to significantly reduce postoperative respiratory complication rates
in "at risk" patients [15,19].

b. Anaesthetic management.
The type ofanaesthesia that is most appropriate depends on the nature of the planned

operation, the availability of respiratory care facilities, the skill and experience of both sur
geon and anaesthetist. The exact type of anaesthesia may be of secondary importance [19],
however at the present time, regional anaesthetic techniques with or without combination
with light general anaesthesia are considered preferable because there is evidence that their
use is associated with fewer postoperative respiratory complications [24]. This is quite prob
able as regional anaesthetic techniques cause only minimal respiratory depression.

c. Postoperative management.
The anaesthetist, internist and surgeon should all consult with one another regarding

the postoperative management of high risk patients who undergo major upper intra-ab
dominal and thoracic procedures. Such patients usually should be admitted to an intensive
care preoperatively, and planning should be made for postoperative controlled ventilation
as indicated by the operation, postoperative temperature, haemodynamic status, and (A
a)Doz as indicated by the PaOz [see chapter 4.2].

Intensive physiotherapy, with or without antibiotic or bronchodilator therapy, is ab
solutely essential for reduction of the postoperative pulmonary complication rate
[15,19,21].
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Table 4.6.3.
Classification and management of patients with reduced pulmonary function
[modified from 6].

1. NORMAL CARDIOPULMONARY RESERVE
Respiratory function tests Anaesthetic management.
Normal - Any form of anaesthesia may be used.

- Administer oxygen postoperatively.

2. REDUCED CARDIOPULMONARY RESERVE
Respiratory function tests
VC and/or FEV! < 50% normal
PaCOz normal
PaOz> 9.3 kPa (70 nunHg)

Anaesthetic management
- Loco-regional anaesthesia is best.

Controlled ventilation is
necessary to ensure adequate
oxygenation during all forms of
general anaesthesia.
Administer oxygen postoperatively.
Postoperative physiotherapy.

3. SEVERE REDUCTION OF CARDIOPULMONARY RESERVE
Respiratory function tests
VC and or FEV!2Q..50% normal
PaCOz normal
PaOz < 9.3 kPa (70 nunHg)

Anaesthetic management
- Use loco-regional anaesthesia

wherever possible.
Controlled ventilation is
necessary to ensure adequate
oxygenation during all forms of
general anaesthesia.
Administer oxygen postoperatively.
Postoperative physiotherapy.

4. NO CARDIOPULMONARY RESERVE
Respiratory function tests
Cardiac and/or respiratory
failure.
VC and/or FEV! < 25% normal
PaCOz > 6.5 kPa (50 nunHg)
PaOz < 6.5 kPa (50 nunHg)

Anaesthetic management
- Anaesthesia as in 3 above.

An arterial catheter is useful for
regular blood gas measurement.
Make arrangements for postoperative
admission to an intensive care unit
for possible ventilatory support.
Caution with administration of
oxygen postoperatively because
of possible absence of a hypercarbic
respiratory drive.
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Chapter 4.7

UPPER RESPIRATORY TRACT INFECTIONS AND ANAESTHESIA

Upper respiratory tract infections (URTI's) are common disorders, and it is not un
common for patients to present for surgery with an active URTI. The anaesthetist and sur
geon must then decide whether the presence of the URTI introduces an unacceptable in
crease in operative risk. Usually a safe and conservative course is chosen, and elective
surgery is postponed until the URTI has resolved. But this is not always necessary for elec
tive surgery, and is certainly not possible for emergency surgery. It is therefore well worth
examining the effects of these common infections on perioperative morbidity.

COMPLICATIONS IN THE OPERATION FIELD
1. Many viral URTI's are characterized in their later phases by secondary bacterial infec
tion, and those with bacterially caused URTI's are already infected with bacteria. Any
operation in the head and neck region may be complicated postoperatively by wound in
fection due to the proximity of the wound to a source ofbacterial contamination, e.g. facial,
nasal, periorbital and intraocular operations.

2. The severity of any pulmonary infection that occurs secondary to an URTI is likely to be
exacerbated by anaesthesia and surgery. Instrumentation of the airway during anaesthesia
may introduce pathogens into the lungs. In addition to this, anaesthesia and surgery both
suppress specific and non-specific immune function [4].

3. Repeated frequent coughing due to an URTI or respiratory infection secondary to an
URTI is not without complications in the operation field. Abdominal stitches may break
loose after an intra-abdominal operation, causing awound hernia or burst abdomen. Burst
ing of subcutaneous and fascial sutures due to coughing may render hernia repairs ineffec
tive. Repeated coughing may cause vitreous bleeding or retinal detachment after intra
ocular operations such as lens extraction.

MIDDLE EAR AND PARANASAL SINUS PROBLEMS
A chronic or acute URTI may block drainage from the paranasal sinuses or block the

eustachian tubes. This may not be a problem while the patient is breathing room air, but
administration of nitrous oxide may cause acute problems, because nitrous oxide diffuses
rapidly into gas containing spaces where it is not present until blood and gas compartment
nitrous oxide partial pressures equalize. Nitrous oxide diffuses 34 times faster across
biological membranes than does nitrogen [6]. The result of this is that nitrous oxide enters
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at a faster rate than nitrogen leaves. A sudden influx of gas into an undrained gas contain
ing space elevates the gas pressure inside that space.

1. Patients with obstruction of sinus drainage will develop raised gas pressure inside any
blocked sinus. This may cause severe postoperative headache.

2. Patients with obstructed eustachian tubes develop raised middle ear pressure. The max
imum pressure increase occurs by 5-10 minutes after starting nitrous oxide administration
[1,2]. The raised middle ear pressure may cause tympanic membrane rupture [2,3], or even
dislocation of the ossicles [2].

SURGERY AND ANAESTHESIA CAUSED IMMUNE SUPPRESSION
Surgery and anaesthesia are known to depress both specificand non-specific immunity

[4]. The greater the stress response of the patient to anaesthesia and surgery, the greater
the degree of immune suppression. This depression involves not only cellular and humoral
immunity, but also phagocytosis, and such other non-specific factors such as mucociliary
clearance too [4]. There is evidence that anaesthesia and surgery may also exacerbate any
existing infections [4].

ANAESTHETIC MANAGEMENT
1. While many minor operations can undoubtedly be carried out safely and with no in
creased incidence of postoperative complications in many cases [5], it is still a good prin
ciple to cancel any elective operation while an URTI is present, unless one or a number of
conditions are satisfied.

a. The operation is to treat the URTI ,e.g. tonsillectomy for tonsillar abscess, paracentecis
of a pus containing middle ear etc.

b. The operation is to treat the consequences of URTI, e.g. grommet insertion in patients
with "glue ear", paranasal sinus drainage operations such as the Caldwell-Luc operation.
This also simultaneously relieves any increase of gas pressure in the sinuses or middle
ear due to nitrous oxide use.

c. The operation is to treat the predisposing cause of repeated URTI, e.g. adeno
tonsillectomy.

2. If the operation is necessary despite the presence of an URTI, then loco-regional anaes
thesia is to be preferred. If general anaesthesia is required, then a few common sense
precautions should be taken.

a. The patients should receive anaesthetic drugs, and a technique ofanaesthesia that causes
minimal postoperative respiratory depression. This reduces the chance ofpostoperative
pulmonary infection secondary to depression of cough, lack of movement, and depres
sion of deep inspiration.

b. Chest physiotherapy is also indicated for those with URTI caused pulmonary infection.
c. The anaesthetist should take precautions not to be infected himself, and also take precau

tions so as not to transmit the infection to other patients, e.g. wear gloves, and wash his
hands before touching another patient.
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Chapter 4.8

PULMONARY INFECTIONS AND ANAESTHESIA

No patient with an active pulmonary infection should be permitted to undergo elec
tive surgery. Anaesthesia and surgery both may exacerbate any respiratory infection.

EFFECTS OF ANAESTHESIA AND SURGERY
1. Depression of mucociliary clearance by anaesthetic drugs.

2. Many drugs used for general anaesthesia depress both the hypoxic and hypercapnic
respiratory drives [see table 4.5.1]. This reduces pulmonary ventilation, exacerbates pos
toperative hypoxaemia, and predisposes to the development of atalectasis. All of this is
especially likely when respiratory movements are limited by pain, as occurs after thoracic
or upper abdominal surgery.

3. Muscle weakness due to prolonged action, or inadequate reversal of non-depolarizing
muscle relaxant drugs also depresses respiration.

4. Depression of either the cough reflex by drugs, (e.g. opiates, barbiturates), or cough
strength, (e.g. non-depolarizing muscle relaxants, pain caused limitation of cough), also
decreases clearance of bronchial secretions and predisposes to exacerbation of any
respiratory infection.

5. Endobronchial or endotracheal instrumentation may introduce more pathogens into al
ready infected lungs, or spread any infection further throughout the lungs.

6. General anaesthesia and surgery depress specific and nonspecific immunity to infection
[see chapter 4.7].

ANAESTHETIC MANAGEMENT
Preoperative.
1. It is obvious that no patient with an active respiratory infection should be permitted to
undergo elective surgery. The increased risk of postoperative respiratory complications is
unacceptable. Patients undergoing emergency operations must be managed for both the
condition which is being operated as well as their respiratory infection.

Categories of operation where the patient must be operated on despite an active
respiratory infection are listed below.
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a. Surgically correctable respiratory infections, e.g. lung abces, or lobectomy for bronchiec
tasis, etc.

b. If the condition for which the person is to be operated is a greater threat to life or func
tion than any potential risk from the respiratory infection [see chapter 1.3].

2. Antibiotics are required in the perioperative period. The exact type ofantibiotic depends
upon the nature of the planned operation and the infecting organism.

3. No premedication is required, neither sedative nor anticholinergic. The former may
depress respiration, while the latter may cause significant thickening of secretions, render
ing them difficult to shift.

Anaesthesia.
The exact anaesthetic technique to be employed depends on the nature of the surgery

to be carried out.

1. Loco-regional anaesthetic techniques are to be preferred where possible. They may
either be used as the sole form of anaesthesia, or as part ofa general anaesthetic technique
so as to minimize the dosages of any analgesic or anaesthetic drugs which may cause pos
toperative respiratory depression. In addition, if the analgesia is extended into the pos
toperative period, postoperative wound pain is eliminated or reduced such that pain caused
inhibition of cough, and hypoventilation are effectively reduced. The patient is then able to
breath deeply and maintain normal alveolar ventilation, with as a consequence postopera
tive hypoxaemia is reduced. The ability to cough effectively means that bronchial secretions
are more efficiently cleared.

2. Any general anaesthetic technique should be adjusted to the clinical and surgical cir
cumstances. By preference, a technique should be used with endotracheal intubation and
controlled ventilation. This ensures adequate intraoperative oxygenation, as well as ena
bling efficient removal of any endobronchial secretions.
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Chapter 4.9

CHRONIC OBSTRUCTIVE AIRWAYS DISEASE

Chronic obstructive airways disease (COAD) comprises the syndromes of asthma,
chronic bronchitis, and emphysema. All these disease are characterized by obstruction of
the small airways which manifests predominantly during expiration. The degree of airway
obstruction is not as great during inspiration, as the small airways are held open by lung
parenchyma in this phase of respiration. The anaesthetic problems associated with COAD
have been well reviewed recently [1,2], and the anaesthetically most significant points are
discussed below.

PROBLEMS
1. Restriction of expiratory airflow.

Restriction of expiratory airflow limits the ease with which bronchial secretions and
pus may be shifted by coughing or forceful expiration, and so patients with COAD have an
increased risk of developing postoperative pulmonary infections.

Because of the restriction to expiratory gas flow, gas exchange is abnormal due to
hypoventilation of a larger than normal lung volume, and so patients with COAD also have
an increased risk of developing hypoxaemia, if they are not already hypoxaemic [see chap
ter 4.4].

2. Effects of drugs used for management of COAD.
Drugs that are used for management of COAD may affect the action of drugs used

during anaesthesia.

a. Xanthine derivatives.
Xanthine derivatives such as theophylline or aminophylline are frequently used for

chronic and acute therapy of patients with COAD. These drugs antagonize the enzyme
phosphodiesterase which is present in many tissues, including the motor nerve terminals.
The effect of phosphodiesterase inhibition in skeletal muscle motor nerve terminals is to
enhance release of acetylcholine into the synapses. This is the most likely explanation for
the observation that these drugs antagonize the action ofnon-depolarizing muscle relaxant
drugs, e.g. pancuronium, tubocurarine, and prolong the action of depolarizing muscle
relaxants such as suxamethonium [3].
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b. Catecholamine agonists.
Many ofthe B-adrenergic agonist drugs used for treatment ofCOAD also cause some

degree ofcentral nervous system arousal, an effectwhich increases the amounts ofanaesth
etic agents required to ensure sleep during general anaesthesia.

3. Increased risk of laryngospasm.
The frequency oflaryngospasm during anaesthesia and surgery is increased in patients

with COAD. This is most likely due to the known increased laryngeal reactivity to in
strumentation of the upper airways, stimuli from oropharyngeal airways, blood, saliva etc.

4. Increased chance of bronchospasm.
a. Histamine.

Persons with COAD are very sensitive to the bronchoconstrictive effects of his
tamine. The use of drugs such as d-tubocurarine, alcuronium, atracurium which cause sig
nificant histamine release should be avoided so as to minimize the chances of intraopera
tive bronchospasm.

b. Acetylcholine.
Persons with COAD are also very sensitive to the bronchoconstrictive effects of

acetylcholine. Drugs which of themselves have acetylcholinergic activity such as
suxamethonium, and drugs which enhance acetylcholinergic activity such as neostigmine,
edrophonium, pyridostigmine, physostigmine may cause bronchospasm.

c. Mechanical and surgical stimulation.
Airway reactivity is increased in patients with COAD. Both direct mechanical stimula

tion of the airways as during anaesthesia, or surgical stimulation elsewhere in the body can
initiate bronchospasm, laryngospasm, or both.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Preoperative pulmonary function should be optimal. If necessary delay operation until
respiratory function has been improved by aperiod of intensive drug and physiotherapy. No
COAD patient should undergo an elective operation with an active lung infection.

2. The purpose of any premedication in a patient with COAD is to minimize the chance
that anaesthetic drugs or manipulations will provoke an acute episode ofbronchospasm. A
number of methods are available to reduce the likelihood of bronchospasm.

a. Reduce preoperative anxiety as this may induce bronchospasm. Administer a benzo
diazepine or barbiturate sedative preoperatively.

b. Administer a bronchodilator drug, or a combination ofdrugs. Use the usual combination
of a xanthine, such as theophylline administered by suppository or intravenous infusion,
plus any B-adrenergic stimulant normally used by the patient.

c. Administer an anticholinergic drug preoperatively. This has a number of desirable ef
fects.

• Bronchial gland secretion rate is increased in patients with COAD, and may be
even more increased by some anaesthetic drugs and techniques as well as opera-
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tion. Excessive quantities of bronchial secretions increase the chance of pos
toperative laryngospasm, and cause excessive coughing. Excessive coughing is cer
tainly not desirable as suture lines may be ruptured by protracted forceful cough
ing. Intramuscular administration of 0.5 mg atropine significantly reduces the
bronchial gland secretion rate within 30 minutes after administration, and the ef
fect lasts 3-4 hours in an adult [4].

• Anticholinergic drugs also improve mucociliary clearance by increasing the vis
cosity of bronchial secretions [4].

• Anticholinergics such as atropine also cause a significant degree of broncbo
dilation as is indicated by the 30% increase of respiratory dead space that is
measured after intramuscular administration of 0.5 mg atropine in adults, an ef
fect that lasts for up to 3 hours after injection [4].

d. Corticosteroids are used in the management of acute episodes of bronchospasm. They
act by increasingB-adrenergicreceptor sensitivity to B-adrenoreceptorstimulatingdrugs.
This effect is clinically significant by one hour after intravenous administration of40 mg
of prednisolone to adult patients [6]. For this reason it is often useful to administer a
single dose of a corticosteroid as a part of the premedication of COAD patients.

Table 4.9.1.
Premedication scheme for adult COAD
patients. Administer all the drugs simultane
ously 2 hours preoperatively,

- Diazepam - 10 mg orally.

- Theophylline suppository 5 mg/kg
OR

Theophylline infusion [table 4.9.2]

- Atropine - 0.5 mg imi.

- Prednisone 25 mg imi.

3. A wholly empirical premedication based on the above, and used by the author is given in
table 4.9.1. It should be noted that all the drugs are administered simultaneously. This is
simply for the practical reason that it is simpler for the nursing staff to administer all drugs
at once. The duration ofthe desired actions ofall the drugs mentioned in table 4.9.1 is longer
than two hours, and prednisone does not begin to exert a significant effect until about 1-2
hours after intramuscular administration in any case.
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Intravenous theophylline infusions are commonly used for prevention and therapy of
bronchospasm in COAD patients. The infusion rate is usually calculated as shown in table
4.9.2.

Table 4.9.2.
Theophylline Infusion rates for adults.

Loading dose = 5-6 mg/kg.

Maintenance dosage = 20 mg/kg/day for young adults.
= 16 mg/kg/day for patients above

50 years.
= 10 mg/kg/day for those with heart

failure or liver disease.

5. The normal medication that the patient ingests for management ofCOAD should be con
tinued in the postoperative period. However the dosage and type ofdrugs used may require
to be adjusted because of perioperative circumstances, e.g. the impossibility of oral inges
tion necessitating intravenous infusion of the drugs.

Anaesthesia.
1. Loco-regional anaesthetic techniques should be employed where feasible, as they cause
minimal disturbance of pulmonary function.

2. If general anaesthesia is required there are various considerations when selecting the
most appropriate drugs and general anaesthetic techniques.

a. A technique should be used with endotracheal intubation and controlled ventilation [see
chapter 4.6]. This will guarantee adequate ventilation and oxygenation in spite of poor
lung function. Patients with lesser degrees of COAD may undergo any general anaes
thetic technique provided that some caution is exercised with regard to choice of drugs
as is discussed below.

b. Induction of anaesthesia in patients with severe bronchospasm is best done with
ketamine, as this has a bronchodilator effect [5]. Otherwise it makes very little difference
which intravenous hypnotic drug is used [1,2].

c. All opiates without exception, including pethidine, increase airway resistance, so it make
very little difference which opiate is used intraoperatively. However morphine and al
fentanil should perhaps be avoided as morphine causes some degree of histamine
release, while alfentanil has a pronounced muscarinic effect in some patients.

d. Volatile anaesthetic agents all possess bronchodilator properties, the most potent
bronchodilator vapor being diethyl-ether. General anaesthesia is less likely to be as-
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sociated with bronchospasm when a volatile agent is used as primary anaesthetic agent
or as a supplement.

e. The acetylcholinesterase blocking drugs such as neostigmine should be used with cau
tion, as their use may be followed by bronchospasm. To minimize the chance of this, try
to avoid the use of these drugs by allowing non-depolarizing muscle relaxant effects to
disappear spontaneously. If their use cannot be avoided, administer atropine 3 minutes
before the administration of neostigmine, in the hope that this will block the effects of
the subsequently increased acetylcholine concentration.

f. Light general anaesthesia should be avoided. The presence of an endotracheal tube, or
oropharyngeal airway, instrumentation of the pharynx or airways, blood, or secretions,
as well as pain all may initiate cardiac arrhythmias, bronchospasm, or laryngospasm. The
chances of such events are minimized by adequate general anaesthesia, regional anaes
thesia combined with light general anaesthesia, and adequate local anaesthesia of the
larynx and trachea.

Postoperative.
The degree of postoperative care required depends upon the severity of the COAD

and the nature of the operation.

Table 4.9.3.
Criteria for adults defining the risk of developing respiratory depres
sion due to oxygen administration, according to parameters
measured during spontaneous air breathing while not under the in
fluence of respiratory depressant drugs.

LOW RISK - Pa02 > 8-9 kPa (60-70 mmHg)
PaC02 normal

INCREASED RISK - Pa02 < = 8-9 kPa (60-70 mmHg)
- PaC02 = > normal
- MBC < 40% of predicted value
- VC < 50% of predicted value

ADMINISTRATION OF OXYGEN TO PATIENTS WITH COAD
Because of the possibility of the occurrence of respiratory depression when oxygen is

administered to patients with COAD, many physicians are hesitant to administer oxygen,
even to patients who would benefit from oxygen therapy and never develop respiratory
depression. What then defines the group of patients who will develop, or are likely to
develop respiratory depression as a result of oxygen administration?

Chronically hypercarbic persons with COAD have an elevated plasma, and whole
body HC03- concentration. Because of this, a given change of PCOz causes less change in
the plasma pH than the same change of PC02 in a normal person. Regulation of respira-
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tion by PC02 is purely by virtue of the pH change induced by acute alterations of PC02.
This is effect is lost or minimal if the HC03- concentration is elevated high enough [see
Henderson-Hasselbach equation in chapter 13.1]. If carbon dioxide control of respiration
is lost, all that remains to stimulate respiration is the hypoxic drive. This only begins to be
come active when the Pa02 is lower than 8 kPa (60 mmHg) [see chapter 4.5]. Therefore
patients with apreoperative Pa02greater than 8-9 kPa (60-67.5 mmHg) are unlikely to have
a purely hypoxic respiratory drive. Those persons who normally have a Pa02 < = 8-9 kPa
(60-67.5 mmHg), with or without hypercapnia are likely to have their respiration regulated
principally by a hypoxic drive. Indeed this is confirmed by clinical investigation of persons
with COAD, where it has been found that patients at risk of developing hypercapnia as a
result of oxygen administration normally have a VC < 50% of the predicted value, a MBC
of less than 40% of the predicted value, and a Pa02 < =8 kPa (60 mmHg), with orwithout
hypercapnia [7].

From the above it is apparent that patients with COAD may be divided into two
categories for oxygen therapy according to the likelihood of developing respiratory depes
sion due to oxygen administration. The criteria defining those persons with an increased
risk of oxygen induced respiratory depression, and those with a low risk are shown in table
4.9.3. Persons who are not at risk of developing respiratory depression due to administra
tion of oxygen may be administered any desired concentration ofoxygen. But spontaneous
ly breathing persons with an increased risk of developing respiratory depression due to
oxygen administration should never be administered more than 30% oxygen [7]. This lat
ter may be achieved by means ofadministration ofoxygen through a calibrated oxygen mask,
or administration of oxygen through a nasopharyngeal catheter at a rate of 2-3 Vmin.
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Chapter 4.10

UPPER AIRWAY OBSTRUCTION

This chapter deals with the problems of airway obstruction occurring in the airways
from the pharynx to the carina.

ASSESSMENT
Clinical history.

When taking the clinical history from a patient with upper airway obstruction, there
are several points requiring specific questioning.

1. Exercise tolerance.
The smaller the exercise tolerance, the greater the degree of obstruction.

2. Can the patient He tlat?
a. This gives an idea of the degree of the respiratory "reserve". The PRC is normally lower
in the supine position than when sitting or standing. Similarly the CC (closing capacity) is
also increased by the supine or prone positions. These effects are exacerbated by respirat
ory obstruction. Hypoxia secondary to alveolar hypoventilation due to the relative changes
ofPRCandCCmaymake thesupinepositionimpossible insomepatientswithsevereupper
airway obstnlction.

b. Mediastinal or peritracheal tumors situated between the sternum and trachea may be
large enough to cause tracheal compression in the supine position, purely by the effect of
theirweightupon the trachea.This effect is further exacerbatedby anytracheomalacia that
may be present.

3. Can the patient sleep, and ifso In what position?
a. Severe respiratory obstnlctionmay cause such distress due to the stnlggle to breathe that
sleep is impossible.

b. During sleep, and especially during Rapid Bye Movement (REM) sleep, muscle relaxa
tionoccurs. This muscle relaxation is particularlyprominent in the neckmuscles, but is also
observed inothermuscles too. Relautionoftongue, palataland pharyngealmuscles during
sleep causes partial obstnlction of the upper airway, and is one of the causes of snoring.
Lying on the side, or in the prone position alleviates the problem, as the tongue when it
relaxes can no longer sag into the pharynx. Upper respiratory obstruction, plus sleep in
duced muscle relaxation of tongue, pharyngeal, and palatal muscles, may cause such a de-
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gree of airway obstruction that sleep in the supine position is impossl'ble, or the person
awakens repeatedly as a result ofairway obstruction.

A person with upper respiratory tract obstruction who can sleep undisturbed in the
supine position is able to breath adequately in the presence of a degree of muscle relaxa
tion due to REM sleep. This has consequences for the type ofamaestbetic induction that is
able to be safely performed. Such a person is unlikely to develop complete respiratory
obstruction while spontaneously breathing an anaesthetic gas, as this also does not cause
complete relaxation of oropharyngeal muscles.

Physical examination.
Physical examinationmaybeused to grade thepatientaccording to asimple classifica

tion ofseverity of airway obstruction.

Class
1. Stridor is not present during rest Only occurs during cougbiDg, crying or physical exer

tion.

2. Stridor is present during rest, but there is no use of accessory respiratory muscles. nor
indrawing of intercostal spaces. No cyanosis, nor raised pulsus paradoxus.

3. Stridor is present during rest, significant use of accessory respiratory muscles is present,
as well as a pulsus paradoxus > 10m.mHg (normal is 0-5 mmHg), indrawing ofintercos
tal spaces, but no cyanosis or exhaustion.

4. Stridor is present during rest, alongwith indrawing ofintercostal spaces, use ofaccessory
respiratory muscles, much increasedpulsus paradOlUS, plus cyanosis, and sometimes ex
haustion as a result of the enormous respiratory effort required.

MANAGEMENT OF UPPER AIRWAY OBSTRUcnON
1. Most of the patients are more comfortable sitting upright. Inaddition less tracheal com
pression occurs in this position in patientswhose obstruction is due to a mediastinal tumor.

2. Patients whose disease severity is in classes 1 and 2, require no immediate resuscitative
measures.The cause ofthe stridorcan, and shouldbe thoroughlyinvestigatedpriorto treat
ment.

3. Patients in class 3 require more urgent investigation, and moderately urgent therapy if
they are not to progress to class 4. Howeverunlike class 4patients there is some time avail
able for investigation of the cause ofobstruction.

4. aass 4 patients constitute a medical emergency. They require immediate endotracheal
intubation or tracheostomy to provide a clear airway, otherwise theywill die. Treatment is
especially urgent in those persons who are exhausted.

5. H the person is severely hypoxic as a result of respiratory obstruction, tracheostomy is
best performed using local anaesthesia, while concurrently administering oxygen to the
patient.
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6. In situations where tracheostomy under local anaesthesia is not practicable, general
anaesthesia mUst be administered to enable a tracheostomy or endotraclleal intubation to
be carried out There are some factors which must be kept in mind when planning en
dotracheal intubation.

a. Ifendotracheal intubation is planned, the initial intubation should be performed by the
easiest route possible, ie. the oral route.

b. Subsequently, and only provided that the condition of the patient, or the clinical
circumstances permit, naso-tracheal intubation should be performed, lUI this is more
comfortable for the awake patient

Co Endotracheal intubation should only be done after consultation with the surgeon treat
ing the patient It should always be done in the presence ofa surgeon ready and capable
ofcarrying out immediate and rapid tracheostomyincase the attempt(s) atendotracheal
intubation fail.

ANAESTHETIC MANAGEMENT
Premedication.
1. NO hypnotic or sedative drugs should be administered. All these drugs depress the
respiratory drive, and this may be sufficient to cause severe hypoxaemia is an already
hypoxic patient

2. Anticholinergic drugs may be administered as these reduce the amount of seaetions in
the upper airway.

Preparations for anaeethesla.
1. Alarge assortment ofcuffed and UDaJffed endotracheal tubes must be present and ready
for immediate use.

2. An assortment of endotracheal tube introducers must be ready for immediate usc.

3. Magill forceps for guiding tubes and introducers into position ifnecessary.

4. More than one functioning laryngoscope is required, in case one fails.

5. A small diameter rigid bronchoscope, and a person capable ofusing it This canbe used
to dilate and bore through an obstructed region so creating an air passage should the situa
tion become desperate.

6. Equipment and personnel ready to perform an immediate tracheostomy should at
tempt(s) at intubation fail.

7. The drugs that should be immediately available are thiopentone or etomidate for use as
required, atropine for treatment of bradycardia, and suxamethonium to facilitate en
dotracheal intubation as required. Ligooc:aine spray for use upon the 1arynx or trachea
should regional analgesia be required to facilitate investigation ofupper airway pathology
while the patient is breathing spontaneously.



204 Chapter 4.10

8. Adequate monitoring, blood pressure, BeG, and if possible transc:utaneous oxygen
saturation measuremenL

9. AweD trained assistant is absolutely essential.

Induction of anaesthesia.
Gaseous induction of anaesthesia is the preferred technique. This type of induction

is to bepreferredas upperairwaypatene,yis maintainedonlybymuscletone insomepatients
[3].Total lossofmuscle tone asoccursafteradministrationofneuromuscularblockingdrugs
may cause further, or total airway obstruction [3]. If the patient cannot be very rapidly in
tubated, or arapid tracheotomyperformed, death will occur. Anaestheticvapors also cause
muscle relaxation, but the degree of relaxation is not as extreme as with neuromuscular
blocking drugs. Because ofthis airway patene,y is better maintained duringagaseous induc
tion. An indication that the person is likely to tolerate a gaseous anaesthetic induction is
provided by a history of being able to sleep without interruption in the supine position. If
during a gaseous induction, it is found upon testing. that the airway is such that the patient
may be manually ventilated without difficulty, then a muscle relaxant may be administered
with safety, and the whole procedure of endotracheal intubation is very much simplified.

Gaseous induction ofanaesthesia is slowbecause ofthe restricted gas flow due to air
way obstruction. Patience is required to achieve a depth sufficient for laryngoscopy and en
dotracheal intubation.

The choice of carrier gas for the anaesthetic vapor makes a difference to both speed
of induction and oxygenation of the patienL Gas flow through a stenosis is non-laminar gas
flow, i.e. turbulent gas flow. As such the situation is physically equivalent to flow through
an orifice [2]. Flow (F), ofgases through a narrow orifice is determined by the area of the
orifice (A), the gas pressure difference across the orifice (AP), and the density of the gas
(0), but NOT the viscosity ofthe gas [1].The relationship below is derived from Bernoulli's
equation for fluid flow [1].

F =Ax «2 xAP)/D)1/2

Various carrier gases are available.Their densities relative to that of air are set out in
table 4.10.1, together with the gas flows for these mixtures, relative to air, that are able to
be developed for a given respiratory effort. In addition the amount of oxygen entering the
lungs, relative to air, for a given respiratory effort is also shown.

From table 4.10.1 it is seen that the flow through any stenosis is greatest for the
helium/oxygen mixtures, implying that gaseous anaesthetic induction time will be reduced
when such mixtures are used. In addition the amount of oxygen entering the lungs for a
given respiratory effort is greater, due to both greater gas flow, and higher inspired oxygen
concentration. More oxygen entering the lungs per unit time means that any hypoxaemia
will be alleviated. But despite all these advantages, there is no bard indication for using
helium/oxygen mixtures for anaesthetic purposes, [see nell paragraph]. The main indica
tion for administering a helium/oxygen gas mixture is to reduce the work of breathing in
patients whose respiratory obstruction cannot be immediately relieved. In this way any
exhaustion due to increased respiratory effort is reduced [4].

The best and cheapest mixture for anaestheticpurposes is 100%oxygen.The total gas
flow into the lungs for a given respiratory effort is only slightly less than that for



Upper airway obstruction 205

helium/oxygen mixtures. But it is not much less than for air, while the flow of oxygen into
the lungs for a given gas flow into the lungs is much greater than for any other gas mixture.
Should the airway suddenly become totally obstructed, there is a greater oxygen reserve in
the body to maintain life while an emergency tracheostomy is performed. The slightly in
creased gaseous anaesthetic induction speed observed with the helium/oxygen mixtures is
no great advantage in comparison with the improved oxygenation and oxygen reserve. For
this reason, the value of helium/oxygen gas mixtures in anaesthesia is questionable.

Nitrous oxide/oxygen mixtures are the least desirable gas mixtures because the flow
ofgas into the lungs for agivenrespiratoryeffort is lessthanthat for the other mixtures.This
implies avery much slower anaesthetic induction speed thanwith the other mixtures. True,
the oxygen transport into the lungs is increased, but as is obvious from table 4.10.1 the use
of these mixtures has absolutely no advantage in comparison with 100% oxygen.

Table 4.10.1.
The density ofvarious gasmixtures is shown, alongwith the total gas flow as, well
as the oxygen flow through a stenosis relative to air, assuming a constant in
spiratory effort and stenosis diameter.

GAS MIXTURE DENSITY FLOW THROUGH FLOW OF OXYGEN
(rel8ttve STENOSIS INTO LUNGS
to air) (relatIVe to air) (relative to air)

AIR 1 1 1

100%02 1.12 0.95 4.51

50% N2I5O% 02 1.33 0.87 2.10
70% N2I3O% 02 1.40 0.84 1.20

50% He2I5O% 02 0.70 1.20 2.85
70% He2I3O% 02 0.53 1.37 1.96

Maintenance of anaesthesia and endotracheal Intubation.
1. When the patient is in a sufficiently deep plane of anaesthesia, careful and gentle laryn
goscopy and endotracheal intubation maybe performed. Laryngoscopyor bronchoscopy of
a spontaneously breathing patient is facilitated by topical anaesthesia.

2. Maintenance ofanaesthesia is carried out using drugs and techniques appropriate to the
nature of the procedure to be undergone by the patient.
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Postoperative management.
Extubation of the patient after the surgical, or other procedure has occurred should

only be done if it is certain that the patient is able to breathe adequately through the
obstructed airway. One test of this is to obstruct the endotracheal tube, after deflating any
tracheal cuff, and testing to see if the airway diameter is such that the patient can breathe
around the tube. If this is not so, then the patient should remain intubated until the cause
of the obstruction has resolved, been treated, or tracheostomy performed.

REFERENCES
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Chapter 4.11

PRIMARY LUNG TUMORS

Primary lung tumors may present the anaesthetist with a number of problems. The
ones ofmost significance for anaesthetic practice are discussed below.

PROBLEMS
1. Airway obstruction.

A tumor may cause partial or complete obstruction ofthe airways anywhere from the
level of the trachea to the smallest of the alveolar ducts. Hypoxaemia will occur if a suffi
cient volume oflung tissue can no longer tab part in gas exchange because ofocclusion of
the airways. Infection may occur in the regions of lung distal to any obstruction.

2. Endocrine dlsord.. [1].
Clinically manifest Cushing's syndrome occurs in 0.4-2% ofaD patients with primaIy

lung tumors, and 25% of all those with small cell cancers. Clinically evident inappropriate
ADH secretion occurs in 8-10% ofpatients'with small cell tumors. Plasma and urinary cal
citonin concentrations are elevated in 17-75% of all patients with primary lung
tumors. Non-metastatic hypercalcaemia occurs in 1-7.5% ofaD patients with primaIy lung
tumors, and in 15% ofpatients with squamous cell carcinoma. Gynecomastia is evident in
0.5-0.9% of all patients, and in 2% ofpatients with small cell tumors. Hyperthyroidism 0c
curs in up to 1.4% of all patients with lung tumors.

The clinical anaesthetic consequences ofthese endocrinopathies and hypercalcaemia
are dealt with in the relevant chapters of this book.

3. Myopathy, (Eaton-Lambert syndrome).
A myasthenic state occurs in 1% ofall patients with lung tumors, and in 6% of those

with small cell tumors [1]. The weakness is typically in the shoulder arm and thigh muscles,
with sparing of ocular and bulbar muscles. It appears to be due to a defect in the calcium
mediated release ofacetylcholine from the nerve terminals [3].These patients are verysen
sitive to the effects ofboth depolarizing and non-depolarizing muscle relaxants [2].

Neostigmine does not, but 4-aminopyridine does, reverse the muscle weakness due
to the Eaton-Lambert syndrome [2]. As the action of4-aminopyridine is thought to be due
to phosphodiesterase inhibition in the nerve terminals, other phosphodiesterase blocking
drugs such as physostigmine, theophylline, or azathioprine should also reverse the
myopathy [4]. .
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4. Coexisting disease.
Many patients presenting with a primary lung tumor also have coexisting cardiopu

lmonary disease. Certainly many have a history ofsmoking, inwhich case they also have an
increased chance of having cardiovascular and chronic obstructive airways disease.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Adequate preoperative investigation and treatment of any coexisting medical problems
is required.

2. An anticholinergic premedication is useful, especially when instrumentation of the air
way is contemplated. Reduction of bronchial secretion rate reduces the chance that there
will be any significant volume of secretions accmmdating distal to a bronchial obstruction,
as well as making any procedure such as bronchoscopy or laryngoscopy easier.

3. Asedativepremedication maybe administered to those patientswho arenot hypoxaemic.

Anaesthesia.
1. H the operation permits, loco-regional anaesthesia is preferable. Instrumentation of the
airway is avoided, as well as the use ofsignificant quantities ofrespiratory depressant drugs.
Ifgeneral anaesthesia is required there is really no preferred technique or dmgs.

2. If the patient has a myopathy, and is to receive general anaesthesia, use a nerve stimulat
or so as to be able to dose any neuromuscular blocking drugs according to requirements.
Such patients should also be mechanically ventilated to prevent hypoventilation due to the
muscle weakness.

postoperative.
1. Postoperative management depends on the type of anaesthesia and surgery.

2. Patientswith significant muscle weakness may require postoperative mechanical ventila
tion.

REFERENCES
1. de Vita ct a1.(1982). "Cancer - PrincipIcs ofPracticc of Onco1ogy", pub. lippincott.
2. Agoston,S.. ct a1.(1978). Etfcc:ts of4-aminopyridinc in Baton Lambert syndrome. BRITISH JOURNAL OF

ANABSTHESIA, SO, 383-385.
3.lsae1bac1lcr,KJ.. ct a1.(198l).'Harriaon'. PriacipIca of1Dtcmal Mcdicim:', pub.9graw-Hi1l.
4. standaert,F.G.. DrctcheD,K.L.(1981). Cyclic Nucleotides in Neuromllsadar TrangnjsRon ANESTHESIA

AND ANALGESIA, 60, 91-99.



Smoking 209

Chapter 4.12

SMOKING

Tobacco smoking is a common habitwhich causes avast range ofpathophysiology. It
is necessary that the anaesthetist have an idea of the problems caused by smoking as it sig
nificantly affects perioperative morbidity.

PROBLEMS [1,2]
Effects of smoking one cigarette.

Even smoking one cigarette can profoundly affect pulmonary function, albeit tem-
porarily. Some of these effects are listed below.

• A30% increase ofpulmonary airway resistance.
• A 20% decrease ofdynamic lung compliance.
• Tracheobronchial ciliaIy paralysis.
• Partial pressure of carbon monoxide in the blood rises.

Effects of chronic smoking.
1. The bronchial gland and goblet cell numbers are increased to 15 times their pre-smok
ing numbers.

2. There is loss of tracheobronchial ciliaIy cells. After 3 months of chronic smoking the
ciliary cell density per unit area mucosal surface is reduced to only 10% of the pre-smok
ing density.

3. Alveolar macrophage activity is reduced.

4. The FEV1/VC ratio is decreased.

5. The carbon monoxide partial pressure is increased so that 3-15% of the haemoglobin is
in the form ofcarbomonoxyhaemoglobin in chronic heavy smokers, Le. >20 cigarettes per
day.

6. Chronicsmokers have an increased chance ofdeveloping chronicobstructive airways dis
ease as well as cardiovascular disease.

7. Tracheal, laryngeal, and bronchial reactivity is increased.
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Anaesthetic problems.
1. Chronic smoking of 10 cigarettes and more per day increases the chance ofexperiencing
postoperative respiratory complications. This is not surprising in view of the fact that the
mucociliary transport system, as well as macrophage function, and the FEVJ!VC ratio are
decreased This is in addition to the increased volumes ofbronchial gland secretions being
produced.

2. Tracheal, bronchial, and laryngeal irritability are increased, and it is found that chronic
smokers have an increased risk ofperianaesthetic laryngospasm and bronchospasm due to
the stimulation caused by anaesthetic apparatus, blood and secretions in the airways.

3. A carbomonoxyhaemoglobin concentration of as little as 45% can cause a significant
reduction of the myocardial work level at which angina pectoris occurs in patients with
severe coronary vascular disease. Carbomonoxyhaemoglobin has the same effects as
anaemia, as carbomonoxyhaemoglobin does not transport oxygen and effectively reduces
the amount of haemoglobin available to do so.

4. The cardiopulmonary diseases associated with smoking may also require special atten
tion and management, e.g. coronary vascular disease, peripheral vascular disease, chronic
obstructive airway disease etc.

REQUIRED DURATION OF PREOPERATIVE ABmNENCE FROM SMOKING
Smoking should be stopped prior to any elective surgery so as to minimize the in

creased rate of postoperative pulmonary complications due to smoking, e.g. atelectasis,
bronchopulmonary infection, pneumonia etc. The period of abstinence required depends
on whether it is desired to only eliminate the carbomonoxyhaemoglobin, or to also reduce
the increased postoperative respiratory complication rate.

1. Elimination of carbomonoxyhaemoglobln.
Carbomonoxyhaemoglobin has an elimination half life of between 4-11 hours. The

greater the respiratory minute volume the shorter the elimination half life. For 90%
elimination of the carbomonoxyhaemoglobin to have OCCUlTed, the smoker should cease
smoking for 3-4 elimination half lives. This means that smoking should be stopped for at
least 24 hours prior to any operation.

2. Reduction Of postoperative respiratory complications.
The respiratory complication rate after major anaesthesia and surgery only starts to

decline after a minimum of 8 weeks abstinence from smoking [2]. Abstinence of less than
8 weeks prior to elective surgery is useless if the intention is to reduce the pulmonary com
plication rate.

ANAESTHETIC MANAGEMENT
Preoperative.

Because of the increased bronchial secretion rate, an anticholinergic premedication
is advisable. Preoperative sedation may be administered as thought necessary.
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Anaesthesia.
1. Heavy smokers with significant respiratory disease should preferably undergo surgery
under loco-regionalanaesthesia,provided that the operationandmentalstateofthepatient
permit it. This rninirnius the chance ofpostoperative respiratory depression due to effects
ofgeneral anaesthetic drugs.

2. If general anaesthesia is required, no specific general anaesthetic technique can be
recommended. Management of general anaesthesia in these patients depends on the
severity of any coexisting disease, or disorders caused by smoking.
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Part 5

HAEMATOLOGICAL PROBLEMS AND ANAESTHESIA

Some patients coming for surgery have a haematological disorder. Most haemat
ological disorders are not affected by anaesthesia and surgery. But the anaesthetist and sur
geon should be conversant with the management of those disorders that are exacerbated
or affected by anaesthetic or surgical procedures.

Haematological diseases may cause problems in the perioperative period by a num
ber of mecbanisms.

1. By causing anaemia, with all its associated problems [see chapter 5.1].

2. The disorder may be exacerbated by anaesthesia and surgery, e.g. sickle cell disease.

This section deals with the problems caused by those few haematological disorders
which are affected by anaesthesia and surgery, and themselves have an effect onperiopera
tive management. Other baematological disorders which do not affect perioperative
management, nor are affected by surgery and anaesthesia are not discussed.
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Chapter 5.1

ANAEMIA

Anaemia is acommonmanifestationofmanydisorders,bothhaematological andnon
haematological. Any specific treatment ofmost forms ofanaemia is impossIble in the short
perioperative period, unless anaemia is due to haemorrhage. For this reasollt the anaes
thetist usually looks at most types of anaemia from the viewpoint ofthe physiological con
sequences rather than at a specific diagnosis, unless the particular disorder causing the
anaemia affects the type of anaesthesia that can be administered The principal effect of
anaemia is to reduce the oxygen transporting capacity ofblood, and this is the cause of the
majority of the clinical effects of anaemia.

OXYGEN TRANSPORT
The function ofhaemoglobin is to transport oxygen. Areduction ofthe haemoglobin

concentrationreduces the oxygen transporting capacityofthe blood.The conceptofoxygen
transport has been discussed in chapter 43. Nearly all the problems caused by anaemia of
any cause are due to reduced tissue oxygen availability, and the cardiopulmonary adaptat
ions required to maintain adequate tissue oxygenation.

Equation5 ofchapter 43 may be rearranged to show the relationship ofcardiac func
tion to haemoglobin concentration very clearly. One then gets the relationship below.

V02
Sv02 =S802· 0.216 x CO x [Hb] ........(1)

CO = cardiac output (lImin).
V02 = oxygen consumption (ml/min).
[Hb] = haemoglobin concentration in mmol/l, (1 mmoVl = 1.612 g%).
S.02 & Sv02 = percentage arterial and venous saturation of haemoglobin with oxygen
(%).

Thevariationof~with the [Hb] and the cardiac outputforvarlous levels ofoxygen
consumption are shown in figure 5.1.1 [see also fig. 43.1, which is similar].1bis figure as
sumes a normal bloodpH, a constant Sa02 of95%. and a threshold venous P02 of2.67 kPa
(20 mmHg) at which cerebral hypoxia begins to occur. These parameters have been sub
stituted in equation 1to produce equation 2 below.
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V02
Sv02 =95· (2)

0.216 X CO X [Hb]

The use ofequations 1and 2, as well as figure 5.1.1 maybe illustrated by the examples
below.

Examplel.
Consider an adultpatientwith a resting cardiacoutputof45 Vmin, a [lib] of8mmoVl

(12.8 gm/l00 mls), abloodpH of7.4. and abasal oxygenconsumption of300m1s/min. From
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fig 5.1.1 it is seen that the~would be about 56%, which is much greater than that at
which cerebral hypoxia would occur. But if the [lib] were to fall acutely to 4 mmoJll (6.4
gm/l00 mls), and the blood pH as well as oxygen consumption remained the same, then a
cardiac output of45 Vmin is no longer adequate, as the~ is now about 18%, well below
the~ atwhich cerebralhypoxia is likely.The cardiac output in thisexamplepatientmust
increase to at least 5.42literslminute in order to make cerebral or tissue hypoxia less like
ly. Some patients, such as those with pacemakers, excessive 8-blocbde or heart failure are
unable to increase their cardiac output to any significant degree and are therefore likely to
develop just such problems due to acute anaemia. Ayoung healthy person canincrease his
cardiac output to well over 10 liters/minute, and will not develop any manifestations of
cerebral or tissue hypoxia due to acute anaemia.

Example 2.
If a person engages in some very slight physical activity, such as very slow walking,

then the oxygen consumption rises to 600 mWmin. Assume that the [lib] =8 mmoJll (12.8
gm/l00 mls), the blood pH = 7.4, and the resting cardiac output = 45 Vmin.1f the cardiac
output of this hypothetical person were unable to increase, even a [lib] of 8 mmoJll is
insufficient, as the Sv02 will fall to 17.8%, well below the level at which tissue or cerebral
hypoxia is likely. The cardiac output must increase to at least 5.43 Vmin to prevent such
hypoxia. Acute anaemiaexacerbates the problem evenfurther. Activity ofany sort obvious
ly reduces the tolerance to anaemia, depending upon the degree of the anaemia and the
level to which the cardiac output can increase.

Example 3.
Good examples of the value of blood transfusion in patients with compromized car

diovascular systems are given in example 3 of chapter 4.3 on oxygen content & oxygen flux,
and for the situation of acid-base disorders in chapter 13.2 on factors modifying clinical
manifestations of acid-base disorders.

The above correlates well with what is observed in the clinical situation during acute
and chronic anaemia. However it should always be remembered that these changes do not
manifest to the same degree during chronic, as during acute anaemia [see below for defini
tions of acute and chronic anaemia].

ACUTE AND CHRONIC ANAEMIA
Anaemia may be acute or chronic, and while the differentiation may at first seem

pedantic, it does have clinical implications as implied above.

1. Acute anaemia.
Acute anaemia differs from chronic anaemia in that the erythrocyte 2,3-DPG con

centration is lower than that in the erythrocytes ofa chronically anaemic person [5]. On the
basis of this, acute anaemia may be defined as anaemia ofless than 24 hours duration, as it
takes about 24 hours for the erythrocyte 2,3-DPG concentration [5] and Pso [6] to increase
to a new steady state level after an acute reduction of the haemoglobin concentration.

The above has significance, in that the Pso of the blood ofacutely anaemic persons is
normal [see chapter 4.3 for a discussion of the meaning of the Pso]. This means that the
situation is one where the oxygen content of the blood is reduced, while the rate of oxygen
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Table 5.1.1.
Clinical manifestations of chronic anaemia related to the
haemoglobin concentration [3,4].

Haemoglobin
concentration

5.6-6.8 mmol/l
(9-11 gm/100 mi.)

4.3-5 mmol/l
(7-8 gm/100 mil)

3.7 mmol/l
(6 gm/100 mls)

1.9 mmol/l
(3 gm/100 mls)

1.2-1.6 mmol/l
(2-2.5 gm/100 mi.)

Symptoms

- Slight pallor, and slight
tachycardia.

- More pronounced pallor,
dyspnea on exertion.

- All the above, plus many
patients complain of weakness.

- All the above, plus many
patients complain of dyspnea
at rest.

- All the above, plus congestive
heart failure may occur.

transfer from etythroc.ytes to oxygen requiring tissues is essentially uncbaDged. Bither an
elevation of cardiac output, or reduction of the~ is then required to maintain oxygen
flux.

The usual cause ofacute anaemia is haemorrhage with subsequent partial, or full re
placement of the lost bloodvolume by transcapillaIy refill [see chapter 14.1], or infusion of
a colloid solution.

3. Chronic anaemia.
Chronic anaemia may be defined as anaemia which has lasted longer than 24 hours.

Blood volume is usually normal, or near normal, and the 4]-DPG concentration and Pso
have increased to a new higher level [5].

As the oxygen-haemoglobin.cJissoc:iationauve is right-shifted due to the elevation of
the 43-DPG concentration, peripheral oxygen transfer rate for a given oxygen consump
tion canbe maintained at the same level at a lowerhaemoglobin concentration. This means
that the haemoglobin concentration at which the cardiac output must rise to maintain the
same peripheral oxygensupply is lower during chronic, than acute anaemia. Infact, the car
diac output docs not increase as a result of chronic anaemia until the haemoglobin con
centration is less than 4.3 mmoVl (7 gm/100 mls). Below this haemoglobin concentration,
the cardiac output is inversely proportional to the haemoglobin concentration [3].



218 Chapter 5.1

Table 5.1.2.
Transfusion thresholds for anaemia.

ACUTE ANAEMIA < = 5.5-6 mrnolll
< = 9-10 gm/100 mIs

CHRONIC ANAEMIA < = 4.3 mmolJl
< = 7 gms/100 mls

MANIFESTATIONS AND PROBLEMS DUE TO ANAEMIA
These are all due to the reduced oxygen transporting capacity of the blood, and are

related to the haemoglobin concentration [see table 5.1.1].

1. Symptoms.
The severityofthe cardiopulmonarymanifestations ofanaemiaare inverselyproport

ion to the haemoglobin concentration [see table 5.1.1].

2. Impairment of wound healing.
The rate and strength ofwound healing may be diminished [1].

3. Myocardial Ischaemia.
Patients with coronary vascular disease will develop myocardial ischaemia a lower

level ofheart work when anaemic because ofthe increased cardiac output, and hence heart
work, required to maintain oxygen flux at all levels ofphysical exertion and metabolic rate
[3].

4. Heart failure.
Theincreased cardiacoutputrequired tomaintainanadequateoxygenflux inanaemia

may precipitate or exacerbate heart failure.

THRESHOLDS FOR BLOOD TRANSFUSION
The indication for blood transfusion inanaemic patients depends ona number offac

tors, such as whether the anaemia is acute or chronic. the acid-base status, the cause of the
anaemia, coexisting diseases, and in pardadar cardiovascular disease.

1. Transfusion threshold for acutely anaemia patients.
A not unreasonable threshold to initiate blood transfusion acutely anaemic patients

is a haemoglobin concentration of < = 55-6 mmol/l « = 9-10 gm/100 mls). This is a
haemoglobin concentrationwhich is at the threshold ofbeing symptomatic inpatients with
chronic anaemia [see table 5.1.11, but above the minimum concentration required to ade
quately oxygenate the body during physical rest, with a total body oxygen consumption of
less than 400 mls/min, even ifthe cardiac output is as lowas 4Jlmin, and the patient is slight
ly alkalaemic [see fig 5.1.1 and equation 2).
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2. Transfusion threshold for chronically anaemic patients.
A haemoglobin concentration threshold for transfusion therapy of chronic anaemia

may be set at < = 4.3 mmoVl ( < = 7 gm/100 mls), as this is the threshold haemoglobin
concentrationduring chronic anaemia above which resting cardiac output is normal. Below
this haemoglobin concentration, the cardiac output is inversely proportional to the
haemoglobin concentration [3].

3. Cardiovascular disease.
Apatient who is unable to increase his cardiac output, has myocardial ischaemia, car

diac valvular disease, or heart failure, is less able to tolerate a given degree ofanaemia than
a person with a normal cardiovascular system. Such persons may not be able to maintain
sufficient oxygenflux for a given level ofmetabolism due to myocardial ischaemia, va1w1ar
disease, heartfailure, etc, and require blood transfusionatahigher haemoglobinconcentra
tion than a person with normal cardiovascular function.

4. Acld-base status
Tissue hypoxia is more likely at any level of anaemia in patients who are alkalaemic

than in patients who are acidaemic [see chapter 13.2, and fig. 5.1.1]. Alkalaemia should be
corrected, orblood transfusion will berequiredatahigher haemoglobinconcentrationthan
in a person who is acidaemic or has a normal plasma pH

PREOPERA11VE BLOOD TRANSFUSION
The generallyaccepted threshold haemoglobinconcentrationbelowwhichpreopera

tive blood transfusion is requested, or the operation is postponed, is a haemoglobin con
centration of less than 55-6 mmoVl (9-10 gm/100 mls). There are exceptions to this rule,
such as patients undergoing organ transplantation, as it is desirable to limit the number of
blood transfusions in this group ofpatients.

There are a number of reasons for this threshold.

a. Surgery may cause significant blood loss. Acute blood loss such that the haemoglobin
concentration falls below 6 mmoVI (10gm/100 mls) may not bewell tolerated inpatients
unable to elevate their cardiacoutput to anysignificant degree, or inwhomsuchaneleva
tion ofcardiac output causes angina pectoris.

b. Hypovolaemia due to haemorrhage, or significant third space fluid loss, reduces the car
diac output, or at best does not allow it to increase. Such a situation may occur during
surgery, in which case it is better that the patient have a haemoglobin that is above 6
mmoVl (10gm/l00 mls), so that oxygenflux is able to be maintained with a relatively low
cardiac output

c. General anaesthesia, high spinal, and high epidural anaesthesia reduce the cardiac out
put TISSUe hypoxia is possible ifboth the haemoglobin concentration as well as cardiac
output are low.

d. General anaesthesia increases the alveolar-arterial oxygen partial pressure gradient A
reduced p.02 makes it more likely that tissue hypoxia will occur during anaemia, espe
cially if the cardiac output is also reduced.

In theory it is better to administer an elective preoperative blood transfusion at least
24 hours prior to operation. This is because transfused erythrocytes have a lower 2,3-DPG
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content than normal erythrocytes, and it takes about 24 hours for the 2,3-DPG content [2],
and the Pso [6] of transfused erythrocytes to increase to normaI levels. After this time the
oxygen-haemoglobin dissociation cwve of the transfused etythrocytes is normal. However
this is more ofa theoretical thanapracticalconsiderationinpatientswith normalcardiovas
cular function, as erythrocytes with alow 2,3-DPG concentrationstill transport and release
oxygen. This is well demonstrated by the survival ofpatients after massive blood transfusi
ODS ofmore than 5 liters during surgery in which an equally massive blood loss occurred.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Patients coming for emergen", operation should be treated according to their clinical
circumstances. Anaemia is frequently a consequence of the operative indication, e.g.
trauma, wounding etc. The cause ofany other form ofanaemiamay be investigated postop
eratively.

2. Cancel or delay any elective operation of patients with chronic anaemia whose
haemoglobin concentration is less than 6 mmoVI (9.5-10 gmIlOO mls). While surgery is
usually not lethal is such patients, a delay is required to improve the clinical condition of
the patient so that perioperative morbidity is mjnimized, e.g. patients with vitamin-B12,
iron or folate deficiencies. This is however not possible in patients who are coming for
surgery of disorders which themselves cause anaemia, e.g. patients coming for renal
transplantation.

Anaesthesia and Postoperative management.
Except for patients with sickle cell disease, or porphyria, the choice of anaesthetic

technique and postoperative management depends on the patient and the nature of the
surgery.
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Chapter 5.2

SICKLE CELL ANAEMIA

INCIDENCE
1. Sickle cell disease and trait mainly oc:c:urs in people ofAfrican negro origin. In Central
Africa the incidence is about 20%,while in the West Indies the incidence in the population
of negro origin is about 8% [1].

2. The disease is genetically transmitted, tnlDsmiHion being via an autosomal dominant,
non-sex linked gene, according to the usual Mendelian principles. There are two forms of
the disease. Sickle cell disease is the severe form of the disorder, and is due to inheritance
of genes for sickle cell haemoglobin (HbS) from both parents (homozygous). Sickle cell
trait is the milder form ofthe disease due to inheritance ofthe gene for HbS from only one
parent (heterozygous). The characteristics ofthe two forms ofsickle cell disease are listed
in table 52.1.

PROBLEMS [1]
Sickle cell haemoglobin (HbS) containing erythrocytes undergo a change from the

usual biconcave shape to a sickle or c:rescent shape when the HbS is deoxygenated. The
el}'throcyte conformational change occurs because deoxygenated HbS binds with other
deoxygenated HbS molecules forming insoluble complexes, which come out ofsolution in
the cytoplasm as filaments or tubules of varying size. These filaments aggregate to form
fibers, and bundles of fibers, which can distort the erythrocyte shape. Upon oxygenation of
the "sickled"el}'throcytes, the oxygenatedHbSgoesback into solution, and thecells resume
theirnormal biconcaveshape. Howevernotall cellsresume their normalshape on oxygena
tion, as repeated conformational changes eventually causes membrane damage of such
magnitude that potassium and water leak out of the damaged cells, which then remain in
the "sickled" shape. About 2-30% ofthe eI}'throcytes ofpatients with sickle cell disease are
irrevembly sickled and subsequently undergo haemolysis.

The changes descnbed above have a number ofimportant clinical consequences.

1. Anaemia and haemolysla.
Because patients with sickle cell disease always have a degree of sickling occurring

somewhere in their bodies, haemolysis of damaged cells occurs at a rate increased above
the normal rate oferythrocyte clearance. The increased rate ofhaemolysis necessitates an
increased rate of haemopoiesis, which also occurs in these patients. However the rate of
erythrocyte destruction is so great in patients with sickle disease that some degree of
anaemia is always present
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Haemolysis may be so rapid in some persons with sickle cell disease that hyperbi
lirubinaemia occurs.

Table 5.2.1.
Characteristics of the two fonna of Sickle Disease.

SICKLE CELL SICKLE CELL
TRAIT DISEASE

Phenotype
Usual haemoglobin amen.
% Haemoglobin as HbS
% Foetal haemoglobin
P02 at which sickling occurs

Heterozygote
Normal
<50%

2.7-4 kPa
(20-30 mmHg)

Homozygote
Anaemic
90-95%
5-10%

8-9.3 kPa
(60-70 mmHg)

2. Embolic disease.
Blood which contains sickled cells is more viscous than blood which does not contain

sickled cells. Sickled cells are more rigid than biconcave cells, do not pass easily through
capillaries, and mayeven cause microvascularobstruction. Hypoxaemiaoccurs in the blood
invessels distal to anyvascular obstruction, inducing sickling in the etythrocytes remaining
in these vessels. This process may extend the area of clrcu1atoI)' obstruction to such a de
gree that a small infarction occurs. The end result of this is diffuse microinfarction ofmany
organs, inparticular organswith alowP02, e.g. renal medulla, spleen, bone.This also deter
mines the clinical manifestations of the disorder.

a. During a "sickling crisis", when a major degree of sickling is oc:curring. multiple small
micro-emboli or infarctions can cause pain invarious areas of the body, e.g. abdomen.

b. Neurological lesions may occur as a result ofembolization or infarction occurring in the
central nervous system.

c. Sickling occurs frequently in the renal medulla and papillae because these regions have
a low P02 as well as being hypertonic relative to blood This causes renal medullaI)' and
papill8I)' damage. It is not infrequent that patientswith severe sickle cell disease are un
able to concentrate their urine, and some even have renal failure.

d. Aseptic bone necrosis is also frequent, as a result of sicklingwithin bones.

3. Effect of dehydration.
Factors such as dehydration which cause eI)'throcyte dehydration also promote sick

ling, e.g.;

• dehydration,
• hypernatraemia,
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• or any hypertonic extracellular environment, e.g. the renal papillae.

ANAESTHmC MANAGEMENT [1.2J
The main rule in the anaesthetic management of these patients is PREVENr

HYPOXAEMIA, and ACIDAEMIA, as both of these cause desaturation ofhaemoglobin,
which inits tum causes sickling oferythrocytes. See figure 4.1.2 for otherfactors predispos
ing to right-shifting. and hence desaturation ofoxyhaemoglobin.

Preoperative.
1. Suspect all patients ofnegro origin ofhaving sickle cell disease or trait, cspcc:ially if they
arc anaemic.Inmanycountries aquickscreening test for sickle cellbacmoglobinisrou~
ly performed preoperatively on all patients ofAfrican origin.

2. Patients with sickle cell disease who are to undergo elective major surgery should under
go a preoperative series of exchange transfusions to raise the percentage of erythrocytes
containing normal haemoglobin to above 50% [2]. This does not prevent the erythrocytes
which contain HbS from sickling at 8-9.3 kPa (60-70 mmHg). butwhat it does do is reduce
the percentage of cells that can sickle. This means that the chance ofsignificant emboliza
tion from the cells that do sickle is reduced.

3. The use of preoperative anticholinergic and sedative drugs depends upon the require
ment for these drugs and the personal preferences of the anaesthetist.

Anaesthesia.
1.Acidaemiacauses arightshift oftheoxygen-haemoglobindissociationcurve andagrcater
degree ofdesaturation of the haemoglobin at a given p.02 [sec chapter 4.1]. with as result
that sickle cell patients will commence sickling at a higher p.02 [see table 5.2.1].

Prophylactic administration ofsodium bicarbonate solutions is sometimes advocated
to preventacidacmia, and to inducelcft-shift oftheoxygen-haemoglobindissociationcurve.
But unless acidaemia is present, or is likely to occur. the use of sodium bicarbonate may
cause more problems than are justified by the problem.

2. Maintain normovolacmia and an adequate cardiac output. Hypovolacmia and dehydra
tion may both reduce the cardiac output, and a reduction of tissue blood flow causes
acidaemia and desaturation of haemoglobin. In addition. regional hypoperfusion causes
areas of local hypoxaemia where sickling may occur. e.g. in bone or fat.

3. Acidaemia causes right-shifting of the oxyhaemoglobin dissociation curve. encouraging
desaturation of the haemoglobin, and so promoting sickling. Release ofan arterial tourni
quet from a limb which has been emptied of blood for more than an hour can cause sig
nificant generalized acidaemia, and certainlycauses localized acidaemia. Accordinglynever
use an arterial tourniquet to provide a blood free surgical field in patients with sickle cell
disease. The use of arterial tourniquets in patients with sickle cell trait is usually not as
sociated with significant sickling.
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4. Hypothermia below 35°C should be prevented. Postoperative shivering can increase
oxygen consumption by up to 500% above normal levels [3], and this may cause postop
erative hypoxaemia severe enough to cause sickling in some patients.

5. Ifpossible use loco-regional anaesthetic techniques so as to avoid the use of respiratoI)'
depressant drugs.

6. Ifgeneral anaesthesia is required, a number offactors should be considered.

a. All patients should be preoxygenated for at least 2 minutes prior to induction of anaes
thesia so as to minimjze than chance ofhypoxia in this period.

b. Ageneral anaesthetic technique usingcontrolledventilationis to be preferred above one
where the patient breathes spontaneously. This guarantees arterial oxygenation, as well
as enabling induction of mild respiratoI)' alkalosis by meansof hyperventilation. These
factors make it even less likely that haemoglobin desaturation will occur.

c. If general anaesthesia using a technique where the patient breathes spontaneously is
employed, supplemental oxygen should always be administered to elevate the inspired
oxygen concentration above 30%, otherwise hypoxaemia may occur.

Postoperative
1. Oxygen must be administered postoperatively to all patients with sickle cell disease or
trait until the chance ofpostoperative hypoxia has passed. The duration and magnitude of
postoperative hypoxia after surgerY carried out under general anaesthesia has been dis
cussed in chapter 4.5.

Patients with sickle cell trait should receive oxygen for at least 4-8 bours postopera
tively [see chapter 4.5].

Persons with sickle cell disease require oxygen for at least 24-48 bours postoperative
ly so as to guarantee erythrocyte oxygenation [see chapter 4.5].

2. If a body temperature of 35°C or lower is present in a person with sickle cell disease,
mechanical ventilationwith muscle relaxation andsedationshouldbe considereduntil nor
mal body temperature has been restored. This will prevent hypoxaemia due to shivering.
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Part 6

HAEMOSTATIC DYSFUNCTION

The anaesthetistand surgeonaresometimesconfrontedbyapatientwho has manifes
tations ofdisordered haemostasis.As anunrecognized or inadequately treated haemostatic
disorder can have disastrous consequences for a patient undergoing surgel}'. or some in
vasive anaesthetic procedures, it is essential that both physicians have a sound basic
knowledge of the management of the more common problems of haemostasis that can be
encountered in the perioperative period.
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Chapter 6.1

NORMAL HAEMOSTASIS

NORMAL HAEMOSTASIS
Haemostasis is a complex process which occurs in various phases, the vascular,

platelet, coagulation and contraction phases. The proper functioning of this series ofsteps
is essential for adequate haemostasis.

1. Vascular phase.
The injured blood vessels at first constrict due to reflex and local neural responses as

well as localbiochemical responses to injury. Inaddition to this there is localplatelet release
of serotonin and thromboxane-A2 which potentiates vasoconstriction. Vasoconstriction
due to vascular injury lasts up to 1 hour before it relaxes.

2. Platelet phase.
Vascular damage exposes subendothelial collagen and damaged cells release

adenosine diphosphate (ADP). Provided that various factors are present in the plasma,
among which is von Willebrand's factor, ADP causes platelets to adhere to each other as
well as to exposed subendothelial collagen within seconds after injury. These platelet ag
gregates form the initial haemostatic plugs in the damaged vessels. Platelets also release
thromboxane-A2, serotonin, and ADP, which attract more platelets to the damaged ves
sels.

3. Coagulation.
Damaged tissues release tissue thromboplastins, which togetherwith the exposure of

subendothelial collagen fibers, and release ofplatelet factor-3 by platelets, activates both
the intrinsic and extrinsic coagulation pathways. Fibrin is formed and is deposited within
and around the platelet plug. Synthesis of thrombinwhich is necessary for fibrin formation,
attracts even more platelets to the damaged region.

The end result is a haemostaticplug, initially formed ofplatelets, subsequently being
formed by platelets embedded in a matrix of reinforcing fibrin fibers which also bind the
plug to the damaged vessel walls and surrounding exposed tissues.

4. Clot contraction.
The platelet-fibrin plug subsequently contracts due to contraction of a platelet con

tractile protein thrombosthenin, and conversion of loose fibrin into cross-linked fibrin by
factor xm. This results in a firm haemostatic plug with a strength adequate to maintain
haemostasis after vasoconstriction relaxes, exposing the haemostatic plug to the full effect
of intravascular pressures.
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CUNICAL CORRELATES
Platelet and vascular function
1. Efficient platelet plug formation requires stasis of the blood in which a platelet plug is
forming. A continuous flow ofblood out of a severed vessel removes platelets before they
are firmly attached to each other, so impairing platelet plug formation at that poinL Such
a situation occurs when vasoconstriction of small vessels is deficient, and large vessels are
not ligated or coagulated. In both situations the severed vessels continue to bleed after in-
jury.

2. Platelet plug formation also requires that sufficientplatelets be available. After efficient
vasoconstriction has occurred in a severed vessel, the blood remaining in that severed ves
sel is the only source of platelets and coagulation factors. The quantity of platelets and
coagulation factors available is therefore dependent upon the originalblood concentration
of these factors. Indee~ it has been found that if the blood platelet concentration is
< 100,000 plateletslmm , that the bleeding time is increased [1]. After coagulation has oc
curred, the platelet plus fibrin clot contraet5 due to the action ofplatelet thrombosthenin,
resulting in a firm platelet/fibrin plug [2]. Clot retraction is therefore also dependent upon
the quantity of platelets present in the plug,~ begins to be deficient when the platelet
concentration falls below 100,000 platelets/m.ltt [3]. Because of these factors, the usually
accepted minimum platelet concentration for acceptable surgical haemostasis is about
50,000-100,000 plateletslmm3 [4].

Bleeding which never stops after the initial injury is also typical ofplatelet dysfunc
tion or decreased platelet concentration.

3. A practical problem sometimes arising during anaesthesia, especially during
microsurgery, is that a sudden elevation of blood pressure may cause increased bleeding,
which continues evenwhen the blood pressure bas beenbrought back down to its previous
level. Presumably this is due to platelet plugs being dislodged as a result of sudden eleva
tion ofblood pressure. A subsequent lack ofvasoconstriction of these vessels in which the
vasoconstriction phase has already occurred and passed, means that bleeding continues.

Coagulation factor funcUon
Fibrin formed by activation of the coagulation system reinforces the platelet

plugs. The fibrin forms a matrix in which platelets and erythrocytes are embedded. The
quantity of fibrin formed is a function of the coagulation factor concentration in the blood
remaining in the damaged vessel. In situations where the concentration ofany one or more
of the coagulation factors is too low, insufficient fibrin is formed. Under these circumstan
ces the haemostatic plug is not adequately reinforced, and upon relaxation of the
vasoconstriction, or elevation of blood pressure, the haemostatic plugs are dislodged and
bleeding recommences.

Because ofthe above, bleedingwhichrecommences afteraninitialperiod ofadequate
haemostasis is typical of coagulation factor deficiency.
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Chapter 6.2

SIMPLE TESTS OF HAEMOSTATIC FUNCTION

Both the anaesthetist and surgeon should be famiJiar with the common tests of
haemostatic function. The tests discussed in this chapter are those which are available in
most modem hospitals. While these tests do not detecteveryhaemostatic disorder, they do
permit the detectionand diagnosis ofmost problems. Ahaematologistshouldbe consulted
ifapatient has manifestations ofabnormal haemostasis despite these tests yieldingnormal
results.

TESTS OF PLATELET FUNCTION
Platelet count

The platelet count is a reasonable measure of the adequacy of platelet function,
provided that platelet function is normal. Bleeding time increases, and haemostatic plug
contraction becomes increasingly deficient when the platelet count falls below 100,000
plateleWmm3 [see chapter 6.3].

Bleeding Ume
Bleeding time is a measure of the function of the vasoconstriction phase, as well as

the platelet phase ofhaemostasis. As disorders ofvasoconstriction are ucwdi1J8ly rare as
a cause ofprimary hacmostatic failure. the bleeding time may be taken as a test ofplatelet
function and concentration. It is prolonged when the concentration of normally function
ing platelets falls below 100.000 plateletslmm3 [see chapter 6.3].

There are various methods ofmeasuring the bleeding time.

1. Duke method.
This is a test which has been rendered obsolete by more accurate methods, but it is

still frequently referred to. A 3 mm puncture wound is made in an earlobe. and the blood
blottedfrom thewoundevery 10-15secondsuntil thebleeding stops. Normalbleedingtime
with this technique is less than 4 minutes.

2. lv)' method.
Ablood pressure cuffaround the upper armis inflated to apressure of40mmHg, and

three. 3mm deep wounds are made on the dorsal aspectoftheforearm. Thebloodisblotted
from the wounds every 10-15 seconds until the bleedingstops from all wounds. The bleed
ing time is the average time for cessation ofbleeding from allwounds. Normally this is less
than 4 minutes.
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3. Template bleeding time (method ofMielke et al [2]).
A plastic template is placed upon the skin surface where the bleeding time is to be

determined. There is a slit allowing an incision 9mm long and 1mm deep to be made when
using a blade inserted into aspecial holder. Thisprovides a skin incisionwith minimum size
variation. Otherwise the technique is the same as the Ivy technique, including the use of a
blood pressure cuff inflated to 40 mmHg around the upper arm. The bleeding time
measured with this technique is normally about 5minutes.

Umitation of the nse ofbleecUng time ba the operating theater.
One problem frequently confusing the interpretation of the bleeding time during

operation is vasoconstriction of the arm of the patient due to hypothermia. In situations
where the patient is very cold and vasoconstrieted. a prolonged bleeding time is certainly
significant But if the bleeding time is normal, then this need not necessarily indicate nor
mal vascular/platelet function. The patient may still bleed abnormally from other vessels
which are not so vasoconstricted.
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TESTS OF COAGULAnON FUNcnON
The in-vitro sequence of the sequence of events occurring during c:oagnlauon is

depicted in fig 6.2.1. This is not necessarily the sequence occurring duringooegnJarion in
vivo, but this scheme does provide an aid which makes diagnosis ofa coagulation disorder
simpler.

Whole blood coagulBUon time
This is a obsolete test because the information it provides is dependent on many un

controllable variables, in addition to which it may be normal in the presence of gross
coagulation disorders. The method commonly recommended is to place freshly drawn
blood into a clean glass test tube, set it aside in warmed (3t>C) surroundings, and wait for
the blood to dot This normally takes 9-15 minutes.

If the coagulation time is prolonged, then it is significant But if this test is normal,
then the result is meaningJess, as the coagulation time remains normal until the intrinsic
and common factor pathway factor concentrations fall below 1% of normal [l,page
1057]. This test is not at all influenced by factor vn concentration.

The only other function that this test may have is to observe clot retraction. This in
dicates the presence offunctioning platelets. However thepresenceofanadequateplatelet
concentration isbetter and more rapidly detected byperforming aplatelet count, and their
function is more efficiently tested with the bleeding time.

Partial thromboplastin time (PT1) Ie Activated PTT (aPT1)
The FIT and the aYIT test the function of both the intrinsic and common coagula

tion pathways by measuring the time taken to form a fibrin dot after activation of factor
xn.TheaPITisamoreaccurate and reproduciblevariantofthePIT,and is tobepreferred
for this reason. The test is more sensitive for deficiencies of factors vm and IX, than the
other factors. But when the concentration of any one of the other factors falls below 15
20% of the normal concentration, the PIT/aYIT is also prolonged [1,pages 1055-1056].

Despite the fact that this test is more sensitive for factors vm and IX, patients with
minimaJ, but sometimes haemostatically significant, degrees of hemophilia or von
Willebrand's disease may have a normal PIT/aYIT.

Prothrombin time (PT)
The Pr tests the function of both the extrinsic and common pathways by measuring

the time taken to form a fibrin clot after activation of factor vn with a thromboplastic
agent It is more sensitive to deficiencies offactors vn and Xthan ofthe other coagulation
factors. The Pr is also prolonged if the concentration of any one of the other factors falls
below 10% of the normal concentration [l,pages 1056 - 1057].

thrombin time.
Preformed thrombin is added to plasma, and the time taken to form a fibrin clot is

measured. Normally this is about 10-20 seconds, depending on the reagent used. The
thrombin time is prolonged ifthe fibrinogen concentration is below 1gil (100 mg/100 mls).
It is also prolonged by fibrin degradation products and heparin.

Fibrinogen concentration.
This the measurement of the plasma concentration offibrinogen, normally 1.6-45gil

(160-450 mg/l00 mls).
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Rbrln degradation products.
Fibrin degradation products are polypeptides formed by the breakdown offibrin and

fibrinogen by plasmin. Elevated conc:entrations usually occur in association with dissemi
natedintravascularcoagulation, asprimaIyfibrinolysis is veryrare. Primaryfibrinolysis may
be observed occasionally after cardiopulmonary bypass, liver cirrhosis, and prostate car
cinoma.

Activated Clotting nme (ACT) [3].
The activated clotting time isa test commonly used to monitor heparin activityduring

cardiopulmonary bypass. It provides a very rapid estimation of the degree of intrinsic
coagulation pathway~tion by heparin. The most commonly used apparatus at the mo
ment is theHemochron ,abatterypowcreddevice madeby the InternationalTechnidyne
Corporation of New Jersy, U.S.A.

A 2.5-3 ml sample ofblood is injcc:ted into a test tube containing a small magnet and
powdered diatomaceous earth, (kaolin clay), and then subsequently placed in the
machine. After switching the machine on, a timer built into the machine starts, and the
machine spins the magnet, which stops spinning when the blood has clotted Cessation of
magnet movement is detected by the mac:bine, which then switches itself and the timer
off. The elapsed time is the activated dotting time (ACf). Ootting is initiatedby activation
of the intrinsic pathway by the diatomaceous earth.

The normal range for the ACI' in persons who have normal coagulation function is
80-160 seconds.
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Chapter 6.3

MINIMALLY ACCEPTABLE PERIOPERATIVE HAEMOSTATIC
PARAMETERS

Invasive procedures performed byanaesthetists and surgeons should only be carried
out ifthe haemostatic function of the patient is such that the chance ofhaemorrhagic com
plications is minimal, This chapter attempts to provide some guidelines as to what con
stitutes minimaJJy acceptable haemostatic parameters prior to surgery and invasive anaes
thetic procedures.

Table 8.3.1.
Normal values for testa of haernOlt8tlc fUnction.

PARAMETER

Platelet concentration

NORMAL VALUE

150,OOQ-4OO,OOO/mm3

Bleeding time -Ivy
-Duke
- Template

<5 minutes
<4 minutes
<5 minutes

Prothrombin time - Quick's one stage 11-16 seconds

Partial thromboplastin time - Standard
- Activated

Abrinogen concentration

68-82 seconds
32-46 seconds

160-450 mg/100 mls
(1.6-4.5 gil)
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AVERAGE NORMAL VALUES
Normalvalues ofthe various commontests ofhaemostaticfunctionare set out in table

6.3.1. Only the most common tests are listed, as other tests are seldom performed except
on the advice ofaspecialist haematologistwhen there is astrongbutunconfirmedsuspicion
that a given patient bas a haemostatic defect, or after an abnormality of one of the com
monly performed tests is detected.

Table 6.3.2.
Platelet count and its relationship to haemostatic function for normally functio
ning platelets.

>100,OOO/mm3

< 100,OOO/mm3

< 100,OOO/mm3

<5O,OOO-75,OOO/mm3

<5O,OOO/mm3

< 2O,OOO/mm3

- Normal haemostasis
- Lengthening of bleeding time [1]
- Increasingly deficient clot retraction [5]
- Increased surgical bleeding [2,8]
- Ecchymoses and petechle [3]
- Increased chance of fataJ haemorrhage [3]

MINIMUM PREOPERATIVE PLATELET CONCENTRAnON & FUNcnON
Provided that the function of the platelets is normal, platelet caused haemostatic

defects are related to the platelet concentration. From table 6.32. it is seen that a platelet
count of more than 100,000 platelets/mm3 is the minimum re~ed for totally normal
haemostasis, while a platelet count ofunder 20,000 platelets/mm is associated with an in
creased chance of spontaneous fatal haemorrhage, e.g. cerebral haemorrhage, etc. Table
6.3.2. should only be taken as providing a guideline as to what is possible at these platelet
concentrations. In the final analysis, it is the bleeding time which is the real measure of
platelet function.

It should always be remembered that the patient undergoing surgery, or who bas un
dergone trauma ofsome sort, is in a fundamentally different situation to someone who lies
in bed, or has a minimally physically traumatic lifestyle. Bleeding from severed vessels
causes loss of platelets, platelet plug formation in large numbers of severed vessels con
sumesplatelets, and infusionoffluids and bloodpreparationswhich do notcontainplatelets
dilutes the remaining platelets. This is not the situation in the non-traumatized or non
operated patient

Oinical investigation has revealed that surgical bleeding is significantly increased
above normal if the concentration of normally functioning platelets is less than 50,000
75,000 plateletslmm3 [2,8]. During minor surgery, minimal amounts ofplatelets are lost by
haemorrhage and in haemostatic plugs, and for this reason it is not unreasonable to set a
minimum acceptable preoperative platelet count of 50,000 platelets/mm3 together with a
bleeding time which is less than 1.5 times normal Major surgical procedures are different
because of the expected greater blood and platelet loss, larger wound surface causing
platelet consumption, and larger volumes of intravenous fluids and blood that is infused
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and which dilutes the remaining platelets to a greater degree. In tbis situation a minimum
acceptable preoperative platelet count may be set at 75,(0) plateleWmm3 together with a
bleeding time less than 15 times normal.

Table 8.3.3.
Minimum percentage plasma concentrations (Pm) of the various
coagulation proteins that are required for adequate baemostatic func
tion in persons with a normal level of physical activity [4], and in pos
toperative patients [9], as well as their plasma elimination half lives
('1'1/20) [6,7].

COAGULATION FACTOR

I - fibrinogen
II - Prothrombin
V - Proaccelerin
VlI- Proconvertin
VIII - Antihaemophilla factor
von Willebrand's factor
IX - Christmas factor
X - Stuart-Prowar factor
XI - Prothrombin antecedent
XII - Hageman factor
XIII - fibrin stabilizing factor

Pm TVle
(%) (hours)

30-40 n-106
20-40 72-96
5-20 12-36
10-20 5

40 12
30 ?
30 24

10-20 24-60
20-30 48-84

0 ?
1-3 72-96

MINIMUM ACCEPTABLE PREOPERATIVE COAGULATION FACTOR FUNCTION
The adequacy of baemostasis is also dependent on the concentrations of the various

coagulation proteins,because it is their concentrationthat determines the amount offibrin
formed inbaemostaticplugs. Table 6.3.3 shows the minimum percentage concentrations of
these factors that is required for adequate haemostasis in ambulant persons, and which at
the sametime arealso theminimurn levelsofthese factors requiredfor adequatepostopera
tive baemostasis. The pharmacokinetic eliminationhalflives ofthe various factors are also
given, as tbis is the ·major determinant of the frequency with which they require to be ad
ministered to coagulation factor deficient persons.

As with the minimum platelet function and concentration, the concentration of
coagulation factors required for adequate baemostasis·js higher in the surgicalpatient than
in the patient who lies in bed, or has not undergone trauma or surgery. The cause is the
same as for platelets.That is, multipleseveredvessels onawoundsurface consume coagula
tion factors to mate fibrin. Coagulation factors are also lost by haemorrhage, and diluted
by infusions ofnon-ooagulation factor containing plasma volume replacing fluids.
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Oinical investigation has shown that smgical bleeding is significantly increased if the
Yf or aFIT/P1T are prolonged to more than 15 times normal [8]. Acceptable intraopera
tive haemostasis is also achieved if the concentrations of factors IX and vm are at least
60% of the level in normal persons [9]. Postoperatively, after haemostatic plugs have
formed, wound haemostasis is adequate if factor vm and IX concentrations are as low a
30% of the concentration in normal persons [9]. These concentrations are likely to be ap
plicable to other factors too.

Table 6.3.4.
Minimum preoperativehaemostaticparameters [see textfor referen
ces].

Platelet count > 50,000 platelets/mm3 (minor surgery)
> 75,000 platelets/mm3 (major surgery)

Bleeding time < = 1.5 times normal

PT and/or PIT/aPIT < = 1.5 times nannal

Coagulation factor concentrations
- Intraoperative > 60% of normal concentration
- Postoperative > 30% of normal concentration

CONCLUSIONS
Table 6.3.4 shows threshold values which may be used as minimum requirements for

baemostatic function before most types ofsurgery, or invasive anaesthetic procedures may
be consideredpossiblewith aminimal chance ofexcessivebleedingdue tohaemostatic dys
function. These values shouldnot be considered as absolute parameters to be applied to all
operations, as Such a use of these types ofparameters is neither sensible nor practical. The
nature ofthe smgical or anaestheticprocedureplanned, the site on the bodywhere the pro
cedure is to occur, the desires ofthesurgeon,anaesthetist, and the requirementsofthe clini
cal conditionofthepatientshouldalsobe considered.This is illustratedusingfive examples.

Example 1.
The risk ofserious bleeding as a result ofattempts to introduce a subclavian catheter

in a patient with abnormal haemostasis is considerably greater than that of inserting a
central venous line through a vein in the cubital fossa. Patients in whom a subclavian
catheter is to be inserted should not have haemostatic parameters that are more abnormal
than those in table 6.3.4, in case catastrophic intrathoracic haemorrhage occurs. Those
patients in whom a central line is to be inserted through a cubital fossa vein may have quite
abnormal haemostatic function, as bleeding at this site is readily controlled.
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Example 2
The potential complications of intracranial operations performed on a patient with

abnormal haemostasis are much more serious than those as a result of an operation upon
a limb. No intracranial operations should be performed on patients with even slightly ab
normal haemostasis, even when they satisfy the criteria in table 6.3.4.

Example 3.
Patients undergoing vascular surgery may be permitted to have haemostatic

parameters which are more abnormal than those in table 6.3.4, especially ifmajorvascular
surgery isplanned.This nrinimires the chance ofdeepvenous thrombosis, and ofthrombus
formation in vascular prostheses and anastomoses. However this is not the opinion of all
vascular surgeo~ and the anaesthetist and surgeon should consUlt with eachother as to
what are to be considered acceptable haemostatic parameters in these patients.

Example 4.
No spinal or epidural anaesthesia should be administered if the haemostatic

parameters are more abnormal than those in table 6.3.4.The most feared complications of
these techniques are spinal epidural or subdural haemato~ which may be large enough
to cause spinal cord damage. This will of course not be detected for some hours until the
anaesthetists and surgeonsbegin to think that the spinal or epidural anaesthetic has had an
overly long duration of action.

ExampleS.
Elective intra-abdo~ orthopaedi~ and all other forms of surgery should not be

performed on patients whose haemostatic parameters are more abnormal than those in
table 6.3.4.
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Chapter 6.4

PERIOPERATIVE MANAGEMENT OF COAGULATION FACfOR
DEFICIENCIES

A severe reduction of coagulation factor concentrations results in insufficient quan
tities offibrinbeingformedinhaemostaticplugs, andsoinadequatehaemostasis.This chap
ter deals with the basic approach to, and management of, coagulation factor deficiencies in
the surgical patient .

TYPES OF COAGULATION FACTOR DEFICIENCY
When considering any coagulationfactor deficiency, a clear distinctionshould always

be made between two basic categories of coagulation factor deficiencies. The acquired, or
congenital coagulation factor deficiency which is present preoperatively and will also bee
presentpostoperatively, and which is not temporary innature. Another category is the tem
porary acquired deficiency, such as due to dilution of coagulation factors as a result of an
infusion of large volumes ofplasma replacing fluids, or administration of some drugs. This
distinction is important for practical therapeutic reasons.

1. Chronic acqUired, or congenRaI coagUlation factor deficiency.
These are disorders such as von Willebrand's disease, haemophilias, or reduction of

coagulation factor production as a result ofsevere liver disease etc. The patient may make
none, or insufficient quantities of some coagulation factors. Such disorders are not tem
porary in nature, existing before, during and after any operation. Patientswith these disor
ders may require life-long regular intravenous infusion of the deficient factors to maintain
adequate haemostatic function.

The chronic and perioperative management of such disorders is sometimes not
simple, and is usually best left in the hands of a specialist haematologist, as he is the person
who manages the bleeding disorder both before and after any surgical procedure in any
case.

The usual management consists of a preoperative transfusion of the deficient
coagulation factors so as to elevate the plasma concentration of the deficient factors to at
least 60% of the concentration in normal persons [3]. This should be sufficient to provide
adequate haemostasis during the intraoperative period. The effect of the coagulation fac
tor infusion should be checked prior to surgery by measuring the Pr or aPIT/PIT,
whichever is more appropriate.

Postoperatively the requirement for coagulationfactors is reduced as haemostasis has
already occurred in the operative wounds. However a minimum coagulation factor con
centration is still necessary, or the operative wounds will recommence bleeding. The min-
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imum coagulation factor concentrations required for this arc given in table 6.3.3. These
minjmal coagulation factor concentrations must be maintained for up to a month until
wound healing bas occurred.

All this requires the active services of a haematologist, a laboratory capable ofper
forming the measurements of haemostatic function required, and above all a blood bank
capable ofsupplying the necessary quantities of coagulation factors.

2. Temporary coagulation factor deficiency.
Temporary deficiencies of coagulation factors may have a variety of causes, but they

are cbaracterized by one common factor. That is, they are temporary. Replacement ofdefi
cient coagulation factors is only required until the cause ofthe deficiency bas disappeared,
and the liver and vascular endothelium have made sufficient quantities ofthe deficient fac
tors to elevate their plasma concentrations to a level at which baemostasis is adequate.

L Massive blood transfusion.
i. Significant thrombocytopenia occurs after transfusion ofabout 16-15units ofblood bank
ACD anticoagulated whole blood (equivalent to about one blood volume in an adult).
However a deficiency of coagulation factors does not occur after transfusion of such
volumes of whole blood. The Pr and aFIT/YIT remain nearly normal until much more
than 20 units of old ACD anticoagulated blood bank whole blood have been transfused,
(i.e. more than two blood volumes) [see chapter 14.5].

ii. The situation is different for massive transfusion of packed cells, or other erythrocyte
concentrates. Such concentrates are often infused suspendedin aystalloid or colloid solu
tions. These do not provide any coagulation factors or platelets to replace those lost by
haemorrhage. In this situation, clinically significant dilution of platelets and coagulation
factors, and lengthening of the YIT/aPIT and PT occurs after transfusion of 10 units of
such a suspension (about one blood volume in an adult) [see chapter 14.5].

Therapyinbothsituations consists ofthe administrationofplatelets, fresh frozenplas
ma or both as indicated. This may be repeated as required.

b. Massive infusion ofconoidal fluids.
Coagulation disorders due to dilution ofplasma proteins may occur after infusion of

large amounts ofplasma volume replacing fluids to replace plasma losses. In theory, such
clinically significant dilution ofcoagulation factors is likely after more than 26-30% of the
blood volume bas been replaced with a solution containing no coagulation factors. H a
greatervolume than this is infused, the plasma concentrationsofall the coagulation factors
will fall below 60% of the normal level, and this is the minjmum concentration of factors
IX and VIII that is required for adequate intraoperative baemostasis [see chapter 6.3]. in
deed, this corresponds well with the maximum volume of dextran and albumin solutions
that may be infused without causing asignificant disorder ofbaemostasis [see chapter 14.2].

Therapy consists ofan infusion offresh frozen plasma. This restores both the plasma
volume as well as all the deficient coagulation factors.
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Co Effects of drugs on haemostasis.
Some drugs cause coagulation disorders, e.g. the anticoagulants and cytotoxics [see

table 6.7.1. and chapter 6.6]. This is an effect that disappears when the drug concentration
falls below an effective level.

Management consists ofdiscontinuation of the drug causing the problem and waiting
until the haemostatic defect has disappeared. Ifsurgery is more urgent, an infusion offresh
frozen plasma, or specific replacement ofthe deficient coagulation factors is required. This
may be repeated until the effect of the drug is no longer present.

Table 6.4.1.
Coagulation factor concentrations ofvarious preparations relative to plas
ma.These mayvary from one preparation to the other. (plasmaconcentra
tion = 1)

FACTOR FRESH FROZEN CRVO· FOUR FACTOR
PLASMA PRECIPITATE CONCENTRATE

I
II
V
VII

vonW.
VIII
IX
X
XI
XII

1
0.9
0.6
0.9
1

0.8
0.9
0.9
0.9
0.9

7.5
o
o
o
?

7.5
a
o
o
o

o
<10
o

<25
o
o

<25
25
o
o

TYPES OF COAGULATION FACTOR PREPARATIONS & THEIR INDICATIONS
1. High concentration, 81ngle coagulaUon factor concentrates.

Preparations containing a high concentration ofa single coagulation factor are made
from plasma pooled from large numbers ofdonors, and as such their use is associated with
all the risks ofthis.Theuse ofthesesolutions isusuallyonlyindicatedinthe chronicmanage
ment ofspecificcoagulation factor deficiencies. Such management isbest left to aspecialist
haematologist, as dosage requirement and interval depend on the severityofthe deficiency.
and the haematologist is the physician who manages the patient both before and after
surgery in any case.

2. Fresh Frozen Plasma (FFP)
The volumes of FFP required to elevate the plasma concentration of most coagulat

ion factors to above the minimum concentrations required for haemostasis. assuming total
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absence of that factor, and lack of synthesis, are very large eD:ept for factor xm replace
ment This limits the uses of FFP to situations where there is a factor xm deficiency, and
for correction of coagulation factor deficiencies during haemorrhage, or in hypovolaemic
patients.

The principal indications for the use of FFP are set out below.

a. Haemorrhage.
To prevent the occurrence of a dilutional coagnbrtion £ador disorder during in

traoperative blood transfusions where the volume ofthe blood transfusion exceeds 50% of
the blood volume of the patient

• After 21 days of storage the plasma concentrations of £adors V and VIII are~
50% ofnormaI. 1unit ofFFP should be-givenper5-10units ofwhole blood trans
fused.

• Packed cells, and other forms of erythrocyteco~ contain no plasma. Ad
minister 1 unit of FFP per 2-3 units of packed cells, or erythrocyte concentrate
that is transfused, when the blood volume being replaced is more than 50% of
the calculated blood volume of the patient

b. Hypovolaemla.
FFP is to be preferred as a source ofcoagulation£adorswhencorrecting the coagula

tion problems of hypovolaemic or bleeding patients. For Clllllple, a traumatized patient
with a coagulation disorder and haemorrhagic shock, or a patient undergoing surgery who
has significant blood loss, or a patient who is hypovolaemic as a result ofplasma loss, etc.

In the above situations FFP is used to replace deficient blood and plasmavolume, as
well as to replace deficient coagulation factors. The volumes required are dependent upon
the blood volume deficit The haemoStatic effect ofthe infused FFP can be determined by
the appropriate tests.

3. Four factor concentrate
Because it is made from plasma pooled from a large number ofdonors, its use is not

recommended except in emergency situations. or situations where there is no other alter
native possible. Its use is sometimes associated with thrombotic complications. It replaces
deficiencies of factors n, vn, IX, and X. The concentrations of.the various coagulation
proteins varies somewhat from one preparation to another.

4. Cryoprecipitate
This may be used to correct deficiencies ofvon Willebrand's factor and fibrinogen, as

well as factor VIII. The dosage varies from one preparation to another.

5. Deamlno-8-d-arglnlne vasopressin (DDAVP) [1,2]
This an analog of vasopressin which is devoid of significant vasoconstrictor ac

tivity. Administration induces vascular endothelial release of factor vm and von
Willebrand's factor. It may be used to treat patients with mild hemophilia-A (factor VIII
deficiency), and von Willebrand's disease.

The dose required is03-0.5 JIl/kgadministeredvia an intravenous infusionovera half
hour period. The reason for the somewhat slow infusion rate is that rapid intravenous inf
usion of DDAVP can cause hypotension. Because its action is to induce release of factor
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VIII and von Willebrand's factor from vascular endothelium, it does not work immediate
ly. It takes about 1-2hours before the plasma concentrations ofthese factors have increased
sufficiently for a significant haemostatic effect to have been induced in most patients.

MONITORING OF THERAPY
The effects of any therapy of coagulation factor defects must be monitored by serial

measurements with the appropriate test so that costly and potentially dangerous overtreat
ment may be avoided.

CAUTIONARY NOTE
1. Many plasma protein concentrates or preparations are made from pooled plasma from
many donors. The greater the number of donors, the greater the chance of transmission of
blood-borne viral disease to the recipient. Because of this posstbility, always attempt to use
a coagulation protein preparation made from the least number ofdonors.

• Fresh frozen plasma - 250 mls comes from 1donor
• Cryoprecipitate - at least 4 donors per 1000 Units factor VIII activity.
• 4-Faetor concentrate - many donors.
• Specific coagulation protein concentrates - many donors.

2. Patients who receive chronic therapy with coagulation factor preparations should be
regularly tested for infection with Hepatitis-B and AIDS (Acquired Immune Deficiency
Syndrome) viruses. This has consequences for the level of care required for medical treat
ment, instrument and apparatus sterilization, and nursing.

The absence of a positive test does not mean that the patient does not carry any of
these viruses, and the medical attendants ofthese patients should always wear gloves when
coming into contact with any blood from these patients.
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Chapter 6.5

PERIOPERATIVE MANAGEMENT OF PLATELET DISORDERS

Platelet deficiency and dysfunction are relatively MlDJD()n causes of abnormal
perioperative haemostasis. The practical perioperativoe nw'llJNl'CDf of these disorders is
usually not difficult, as the range of therapies available is Hmited.

PLATELET DEFICIENCY
A plateletconcentration ofat least5O,OOO-75,OOOp1ateleU/.mm3ofnormally function

ing platelets is required for adequate perioperativebaemostasis [see chapter 6.3 for a more
detailed discussion].

Platelet deficiency may has two main causes in periopetative patients.

1. Platelet deficiency dDe to haemorrhage and blood tr.......
Platelet deficiencymay occur as a result ofgradualblood lossequivalent to one blood

volume of the patient,with simultaneous replacementoftbebJoodlostwith old bankblood
and plasma volume replaciDg fluids. This causes both kB mplatelets by haemorrhage,
platelet consumption by wound haemostasis, as well IS di1ntion ofthe remaining platelets
by transfusionofoldblood and theplasmavolume repladDgfluidsused to replace the blood
volume deficit [see chapter 14.5].

Fresh blood may be used to replace blood, as well as toprevent or correct the platelet
deficiency. The blood must be quite fresh as platelet function decreases to insignificance
after 48-72 hours ofstorage [1]. Otherwise a platelet transfusion is required [see below for
dosage].

2. Thrombocytopenia not due to haemorrhage or tranIfasII&
Thrombocytopeniamay occur due to a large number ofdiseases and drugs, e.g. cytos

tatic or antirheumatic drugs. Therapy consists ofwaitiug UDtil the thrombocytopaenia has
passed, or the effect of the bone marrow suppressing drughas disappeared. Ifsuchwaitiug
is not possible, a platelet transfusion must be administered.

Platelet transfusions
1. Dosage ofplatelets.

The dosage of platelets for a platelet transfusion can be calculated using any one of
the two methods presented below.

a. Infusion ofplatelets derived from one unit (500 mls), ofdonor blood raises the platelet
concentration in the recipientone hour after infusionby IO,OOOplatelets/mm3persquare
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meter ofbody surface area [2]. When the total dosages are calculated for children and
adults, the dosages required are the same as calculated with method b.

b. Infusion of platelets derived from 4 units of blood will usually elevate the platelet con
centration ofan average adult to levels sufficient for adequate surgical baemostasis. The
average dosage required for the same effect in children is the platelets derived from 1
4units ofblood. The effect is checked using the bleeding time, and more is administered
as required. In situations of nearly total thrombocytopenia, double the above dosages
are required [9].

2. Considerations with platelet transfusions.
a. Peakfunction oftransfused plateletsusuallyoccurs about 90minutes afterplatelet trans
fusion, and not immediately after infusion [7].

b.The average lifespanofaplatelet in the circulation is8-10days. After platelet transfusion,
the longest time that transfused platelets are detectable in the recipient's blood is 8.1 days
[8].This agrees well with the normalplatelet lifespan, as the donorplatelets have ages rang
ing from o-s days.The decline ofplatelet concentrationwith time after transfusion is linear,
with the concentration decreasing by one eighth of the original post-transfusion elevation
ofplatelet concentrationper day [8]. While this may be used to calculate the duration ofef
fect of a platelet transfusion, persons who have been subjected to multiple transfusions,
surgery, andseverephysiological stress anddisease do nothave such apredictable response.
For this reason monitoring of the effects of platelet transfusion is best done by regular
repeated measurement of the bleeding time.

c. Patients who have had previous platelet or blood transfusions may have developed an
tibodies to foreign blood groups and tissue types. In these patientsplatelet transfusion may
have little effect, as the transfused platelets may be destroyed extremely rapidly. Such
patients require a transfusion of lILA-typed platelets. These platelets are less likely to be
destroyed by any antibodies, will therefore last longer in the circulation, and are according
ly more likely to have the clinically desired haemostatic effect.

PLATELET DYSFUNCTION
Platelet dysfunction may also occur due to a large number of causes. In anaesthetic

practice the most commonly encountered causes are anaesthetic gases, renal failure, liver
failure, anti-inflammatory drugs, and cytostatic drug therapy.

Therapy.
1. Platelet transfusion is effective in most types ofplatelet dysfunction.

2. Deamin0-8-D-argininevasopressin (DDAVP) is worth trying in all cases ofplatelet dys
function. It has certainlybeen shown to be effective in most cases ofplatelet dysfunction as
a result ofuremia and von Willebrand's syndrome. The dosage is 0.3-0.5 p.gIkg given by in
travenous infusion over 30 minutes. The relatively slow infusion rate is required because
rapid intravenous infusion ofDDAVP can cause hypotension. A reduction of the bleeding
time is measurable 1-2 hours after administration and lasts for 8-24 hours [3,4].
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3. Cryoprecipitate may be used in place ofDDAVP, and bas the same indications. It too is
effective in most cases of uremic platelet dysfunction, and certainly in von Willebrand's
syndrome. An effect is measurable in adult uremic patientsby 1-12 hours after administrat
ion of cryoprecipitate derived from 10 units of donor blood, and lasts for 24-36 hours [S].

4. Dialysis will reduce the bleeding time in most patients with uremic platelet dysfunction
[6].

PERIOPERATIVE MANAGEMENT
The minimum a<:cep~le platelet concentration prior to most forms of surgeI}' is

50,000-75,000platelets/mm ,togetherwithableeding time ofless than6minutes [see chap
ter 6.3]. This minimal platelet concentration and function must be maintained during the
perioperative period untilprimary haemostasis is complete, that is during the operation it
self, and for two days postoperatively. After two days, primaryhaemostasis ofthe operative
wound is essentially complete, and the requirement for platelets is reduced.

Perioperative management ofplatelet disorders also obviously requires the coopera
tion of a haematologist, a blood bank capable of supplying the quantities of platelets re
quired for two days, and a haematologicallaboratory capable ofperforming the necessary
investigations.

MONITORING OF THERAPY
The effects of any therapy to improve platelet count and function should be careful

ly monitored by regular measurements of the platelet count and bleeding time. This is ab
solutelynecessary ifthe therapy is intended to improvehaemostaticfunctionprior to opera
tion, as maneuvers to improve platelet count and function are sometimes ineffective. Such
monitoring spares the patient the risks mid expense offurther ineffective theraPJlr and ex
cessive unnecessary therapy.

Bleeding time and platelet count should not be determined until at least one hour bas
elapsed after any therapy to improveplatelet function or countbas been administered.This
is because transfused platelets are not optimally active until this time, and the effects of
DDAVP or cryoprecipitate do not becomesignificantuntil an hour or two has elapsed after
administration [see above].
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Chapler6.6

ANTICOAGULANT DRUGS &SURGERY

Anticoagulant drugs maybe administered topatients coming for surgery for a variety
of reasons. The anaesthetist should have a practical wortiD& bowledge of the effects of
these drugs and the methods of reversing their effects. There are two basic types of an
ticoagulant drugs in clinical use, the orally administered vitamin-I: antagonists, and the
heparins.

Table 8.8.1.
Commonly used oral anticoagulant drugs, their usual daily main
tenance dose, and the usual duration of an anticoagulant effect after
acute discontinuation of the drug [1].

DRUG

Dicournarol
Warfarin
Phenprocoumon
Acenocoumarol
Phenindlone
Diphenadione
Anisindione

Maintenance
dose

(mg/day)

25-150
2-15
1-4

2-10
50-100
2.5-5

25-250

Duration of effect
after stopping

maintenance dose
(days)

5-6
4-5
7-14
1.5-2
1-4

15-20
1.5-3

ORAL ANTICOAGULANT DRUGS
Oral anticoagulant drugs arc all vitamin-K antagonists, and as such depress hepatic

synthesis ofnormally functioning molecules offactors n, vn, IX and X. Factors n, vn, IX
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and X are synthesized, but their function is abnormal and they are inactive in the coagula
tion process.

Hepatic synthesis ofnormal molecules is depressed to such a degree that insufficient
normal molecules are synthesized to maintain the plasma concentrations ofone ormore of
these factors at the levels required for normal haemostasis. The rate at which an an
ticoagulant effect develops after administration ofone of the oral anticoagulants depends
on how complete the blockade of normal hepatic synthesis of factors n, vn, IX and X is,
and the plasma elimination half life of the molecu1e with the shortest elimination half life.
Ofthe four factors affected, it is factor vnwhich has the shortest eliminationhalflife,about
5 hours [see table 6.3.3].

The test most commonly used to monitor the activity of these drugs is the prothrom
bin time (PI) or one of its variants, as synthesis of extrinsic pathway factors is most sensi
tive to the action of these drugs [see chapter 6.2]. At higher doses these drugs also cause a
prolongation ofthe PIT/sPIT due to inlubition ofcommon pathway factors (factorsnand
X), and factor IX synthesis. Clinically relevant information about the oral anticoagulants in
common use is listed in table 6.6.1.

Preoperative reversal of oral anticoagulant drugs.
The effects of anticoagulant drugs should be reversed prior to surgery. Minimum

haemostatic parameters required for surgery have been defined in chapter 6.3. There are
various methods ofreversing the effects of these drugs.

1. Discontinue the drug and wait.
If the drug is discontinued for 2-7 days prior to the planned date ofoperation, the ef

fect of the drug will usually spontaneously disappear [see table 6.6.1].

2. Vitamin-Kl.
H there is some haste to operate, the effect of the drug may be antagonized with

vitamin-K1 given orally or parenterally at a dose of 1-5 mg depending upon the Pr. This
takes at least 4-6 hours to have any significant effect, as the liver must synthesize a suffi
cient quantityofthe deficient factors to elevate the plasma concentrations toa levelatwhich
adequate baemostasis occurs.

3. Fresh frozen plasma, or whole blood.
If the operation is urgent, transfusion ofwhole blood or fresh frozen plasma is to be

recommended in those patients who are hypovolaemic. This corrects the coagulation dis
order at the same time as hypovolaemia.

4. Four-factor coueentrate.
If the patient is not hypovolaemic, or bleeding, and especially if the patient cannot

tolerate intravascular volume loading, four-factor concentrate is the preparation ofchoice
if there is an indication for urgent operation. However the use of this coagulation factor
preparationshould be limited, as its use is associatedwith a risk ofdisease transmisaon and
thrombotic complications.
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Monitoring the effect of anticoagulant reversal.
In all cases, regular measurement of the Pris necessary to determine the efficacy of

the maneuvers used to reverse the haemostatic defect. Ifnecessary, more antagonist may
then be administered.

THE HEPARINS
Heparins are a group of acidic sulphated muc:opolysaa:baride molecules which are

synthesized in the metachromatic granules of mast cells, normally to be found in close
proximity to blood vessel walls. The normal function of the beparins is to prevent activa
tion of clotting factors. Heparin derived from animaJs is used for a variety of clinical pur
poses requiring inhibition ofblood coagulation.

The action of heparin is to activate antithrombin-DI, a naturally occurring protease
inhibitor in the plasma. The activated forms of the roagnJation factors, with the exception
of fibrin, are all protease enzymes the action of each ofwhich is to split a polypeptide off
from the next inactive coagulation factor, so adivatiDg it Activated antithrombin-m com
bines on a 1:1 molecular basis with the activatedforms ofthe c:oagulation factors IX, X, XI,
and n (thrombin), to form inactive complexes.The ooagnJationpathways are blocked, and
clotting does not occur.

The aPIT/P1T is commonly used to monitor the effect ofthe heparins as it is the in
trinsic clotting pathway factors which are most seDSitive to the effects of the heparins.

Clinical U888 of heparin.
Heparin is used for a variety ofpurposes in surgical and anaesthetic practice. .

1. To prevent clot formation around intravascular catheters. The dosage used for this pur
pose is about 200 IU/day. (N.B. ill = International Unit).

2. To prevent coagulationin clamped-offbloodvessels duriDgvascu1ar surgeI)'.The dosage
used is about 3000-5000IU for a normal adult(~70 nJ/kg), administered intravenous
ly prior to clamping.

3. To prevent coagulation of blood in the circulation duriDg circ:ulatory arrest during car
diac surgery. The dosage of heparinused here is about 200-300 W/kg, (2-3 mWkg).

4. Therapy ofdeep venous thrombosis and/or venous thromboembolism. The dosage used
is about 36,000 IU/day, or 1,500 ill/hr, or 20 IU/kg/hr, administered by continuous in
travenous infusion.

5. Prophylaxis ofdeepvenous thrombosis during the periopcrativeperiod.The dosageused
for the average adult is 5,000 ill administered subcutaneously 2 or 3 times per day. Note
that this dose causes the PIT to be prolonged to twice normal, or more, in 10-15% of
normal patients [2].

6. To keep intravascular catheters patent during radiologicalangiographic procedures. The
total dosage ofheparin used during a protracted angiogram may be surprisingly high, as
much as 3,()()().4,000 IUnO kg during the whole procedure.

Heparin ellmlnBUon kinetics.
Prior to any further discussion ofreversal ofheparin effect, a short mention ofthe in

teresting elimination kinetics of heparin is wen worthwbile. This also has direct relevance
to clinical practice. The heparins are substances which are eliminated almost entirely by
metabolism, principally by metabolism with a saturable hepatic enzyme. Because the me-
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tabolizing enzyme is saturable, this means that the larger the dose ofheparin administered,
the longer the elimination half life, or the slower the clearance. The equations describing
the elimination kinetic parameters are shown in table 6.6.2.

Table 6.6.2.
Hepartn klneucs [3, page 1689].

Volume of distnbution = 58 mVkg

Clearance (mVminJkg) = 1/(0.65 + 0.008 x D)

T(1/2)e (mins) = 26 + D/3

D = heparin dosage in IU/Kg body weight.

Reversal of hepartn effect
It is sometimes desirable to reverse the anticoagulant effects of the heparin ad

ministered for any of the above reasons. There are two principle methods available, wait
ing, or administration ofprotamine.

1. Waiting.
The elimination kinetics of heparin are shown in table 6.6.2. Ifall that is done is to

wait 3-4 elimination half lives, the majority of the heparin in the body will have been
eliminated, and the effectwill be insignificant [see chapter 15.1]. While this is practical for
lower doses of heparin, it is not practical for higher doses as the elimination half life of
heparin increases with the total amount of heparin present in the body [see table 6.6.3].
Reversal ofheparin effect with protamine is more practical in such cases.

2. Protamine.
Protamine is a very basic protein derived from fish sperm. Being very basic, it com

bines readily with the very acidic heparin molecules to form complexes which possess no
anticoagulant activity. Its effect is rapid, reversal ofheparin effect occurringwithinseconds
after intravenous administration. The dosage ofprotamine required is calculated as below.

1-1.3 mg PROTAMINE reverses the effects of 100 IU HEPARIN

Cautionshould be exercised when injectingprotamine intravenously. Rapid injection
can cause severe hypotension and cardiovasaJlar collapse. A given dose of protamine
should always be injected slowly in fractions of the total dose.

It is common usage that surgeons and anaesthetists dose heparin in terms of mil
ligrams. Usually 100 IU of heparin is said to be equivalent to 1 mg of heparin. As this
equivalence obviouslydependsuponthesourceand purityoftheheparin, suchusage should
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be discouraged. Dosage in terms ofinternationalunits is more precise as the activity ofthe
heparin has been determined by assay.

Table 6.6.3.
Protamine dosage for reversal ofeffects ofanintnmmousbolus dose, or infusion
of heparin, and the elimination half life of the amount ofheparin present in the
body.

Infusion
rate

(Iuno kg/day)

AMOUNT OF HEPARIN IN BODY AT
TERMINATION OF ADMINISTRATION

(bolUS or InfuIIon)

Hepal1n
T1/28

(mine)

10,000
15,000
20,000
25,000
30,000
35,000
40,000
SO,OOO

(IU Heparin
no kg)

274
421
576
739
911

1092
1283
1700
2000
5000
ooסס1

15000
20000

(mg Protamine
no kg)

2.74
4.21
5.76
7.39
9.11

10.92
12.83
17.0
20
SO

100
150
200

26
28
29
30
30
31
32
34
36
SO
74
97

121

Various methods of calculating the protamine dosage required in various situations
are discussed below.

i. Using theActiwJted Clotting Tf1rIe (ACT).
The Acrprovides avery rapid estimationof the activity ofany heparin in blood [see

chapter 6.2]. The response ofthe Acr to heparin is linearup to anAcrof500seconds [4].
Because of the linear response, the dose ofprotamine required to reverse a given heparin
effect on the Acrmay be calculated using equation 1below. This formula is derived using
the observation thatonaverage a300 ID/kg (3 mgIkg) dosage ofheparin increases theAcr
from a mean of 111 seconds to 351 seconds [4].
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ACT(second8) ·110
Protamine dose(mg/kg) = 80 •••••••••••(1)

ii. Single or intermittent heparin dosase-
Heparin is sometimes adminiS1ered as a once only intravenousbolus during cardiac,

and vascular surgic:al procedures, or is administered intermittently during radiological an
giograpbic procedures. The total dosage is in general more than 40 RJ/kg, resulting in an
elimination half life of at least 40 minutes. Usually the requirement for reversal of the
heparin arises within this time period. In such a situation, an that is required is to simply
calculate the total dosage ofheparinadministered, and administeradose ofprotamine suf·
ficient to reverse this. If a somewhat longer time, i.e. more than 40 miDntes, has elapsed,
administer half the calculated protamine dose, measure the PIT/sPIT or ACf, and
administer more protamine as needed.

iii. Intravenous infusion, or regular intermittent heparin adminiItTation.
The total amount ofheparin in the body during asteady&tate iDtravenous infusion of

heparin, or regular intermittent administration, is reallyquite small.This canbe calculated
from the kinetic parameters in table 6.6.2, and the kinetic principles out6ned in chapter
15.1.

The appropriate dosages of protamine required to antagonize the heparin effect of
various heparin infusion regimes, or regular intermittent dosage regimesare shownin table
6.6.3.

Monitoring of effects of reversal.
The effect of any maneuver or treatment to reverse the effects ofheparin should be

monitored by regular measurement of the aPIT/PIT, or at least the ACf.
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Chapter 6.7

DRUGS AFFECTING HAEMOSTASIS

Many drugs used in clinical practice are capable of inducing a haemostatic
defect. During the preoperative visit the anaesthetist should always consider the possibility
ofthis when asldngwhat medicationanypatieot isreceiving. There are a numberofproces
ses by which drugs may induce a haemostatic defect.

1. Drug Induced bone marrow au"""on.
Some drugs cause a thrombocytopaeDia by inducing bone marrow depression. The

group ofdrugs which byvirtue oftheir actioD, nearlyalways cause bone marrowdepression
arc the cytotoxic drugs. Any personwho has bad recent therapywith these drugs should be
suspected ofhavinga bleeding disorderuntilprovenotherwise, as it can take 4-6 weeks for
the bone marrow to recover after a course ofcytostatic drugs.

2. COncentration related drug effect on haemoataal8.
Drugsmayaffecteitherthefunetionofcoagn1ationproteins,plateletfunctioD,orboth.

This effect is usually related to the blood concentration of the drug. Once the drug con
centration in the blood falls below a given level, the drug no longer significantly affects
haemostasis. Only one drug actually has an effect on platelet function which is not
concentration dependent, and that is acetylsalicylic acid This binds irreversiblywith pros
taglandin synthesizing enzymes, and the effect on haemostasis lasts until sufficientnew en
zyme has been synthesized to replace that reJJdcrcd ineffective; about 7 days. Curiously,
sodium salicylate has only a temporary, concentration related effect on haemostatic func
tion.

In general it is sufficient to discontinue most drugs for 24-48 hours for the haemos
tatic defect tospontaneously resolve; as the plasma drugconcentrationwillusuallyhave fal
len below that required to cause a haemostatic defect by that time. The exceptions to this
rule are those patients ingesting acetylsalicylic acid, and those persons with impaired drug
elimination, e.g. the elderly, and persons with renal, hepatic or cardiac disease (see chap
ter 152).

3. Multiple drug use and haemoatasla.
One drugused in normal clinical dosages maynot cause a haemostaticdefect, butuse

of more than ODe drug may well cause a haemostatic defect. The effeclS of two or more
drugs may either potentiate one another, or be additive.
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Table 6.7.1.
DRUGS INDUCING HAEMOSTATIC DEFECTS

DONat TIme to effect D&ntIonof Rel'8lellC88
DRUG which effect after InItI8I effect after

occurs dose stopping drug

DRUGS CAUSING INCREASED BLEEDING TIME

ANTHNFLAIIMATORY
AcetyII8IIc)1Ic acid 300mg 2hra 4-7 days 1,2
IndomeIhacIn 50mg 2hra 2~tn 3.4
Naprolcen 500mglday 1 <4 days 5
Ibuprofen 600mg 2hrs <24hra 6
R~cfen 10mg 1 hour <24m 7
StA1dac 200mg 12hrs <24m 27
Phenylbulazone e11n. dosages 1 <24m 12
ANTl-IIICROBIAL
Per*:I!D-G 18gmlday <24hrs 4 days 8,9
AmpIcIIn 100 rng/I<Wday 15 m1n(lv) >2 days 9,10
QubenIcIIen 600 mg/kglday <24hrs 4-12 days 11
NIrof1nrtoIn 431 mg 11v <24m 12,13
INFUSION FLUIDS
Dexban (}IN =70000) 15 rriIkg 11v 24m 14,15
Dexban (}IN =400(0) 15 m/lkg 11v 1 15,16
H)d1OlC)'8lh)1 starch 15 mlJkg 1hr 1 15,16
ANAESllfET1C DRUGS
HaIoItw1e 0.5-2% minutes mk1utes 17,18,28
EthBnoI chronic use 19
CYTOSTAnC DRUGS
Melphalan clinical dosages 20
MtomycIn e11n1ca1 dosages 21
MIhramycIn 50 I'Wkglday 6 days 5 days 22

DRUGS CAUSING INCREASED PT and/or aPTr/PTT

23
24,22
25

5 days
5 days

1

3 days
6 days

1

VARIOUS DRUGS
Oral anIIcoaguIants and heparlns
Bowel sterllzatIon and all broad spectrum antIbIoIIc8 reduce Intestinal vIIamIn-K synthesis.
CYTOSTAnC DRUGS
L~ 6OOOIU/m2/day
MIhramycIn 50 IIQ/kg/day
AdrlamycIn 15 rivi~Jweek

DRUGS CAUSING NO ABNORMAL PTT/aPTT, PT, or BLEEDING TIME

ThIs Includes most drugs, but the ones causing most confusion are: ParaceIamol [1], Sodium
lBIcyIate (2], Sulphlnpyrazone (26), D/pyIfrrIadde [26), enlIwane [28], lsoIIurane (28),
nItrous Oldde [28], opiates. and gelatine solutions.
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Table 6.7.1. an explanation for the reIder.
Table 6.7.1 lists commondrugsblownto c:ause defectsofhaemostasis inhumans.The

dosages mentioned are those used in the investigation reported. Usually this is the clinical
ly used dosage. or the mjnjmum dosage requiJed for that effect. This table only reports the
effects of these drugs on the bleeding time, prothrombin time. and partial thromboplastin
time, andon NO OTHERhaemostaticpaiameteD.ln-vitro testingmayrevealabnormalities
of other facets of haemostatic function. but these need not necessarily be reflected in ab
normal values of these tests.
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ChapterS.S

ASSESSMENT OF HAEMOSTATIC DISORDERS

An operation carried out on a patient with a bleediDg tendency may have disastrous
consequences for that patient If the possibility of a preoperative haemostatic defect is
suspected, the preoperative history and clinical examination should be directed to the
elucidation of the nature, or existence of such a defect. There are various steps to follow,
and these are set out below.

SUSPICION
Suspicion of the presence of a haemostatic disorder by virtue of the drugs that the

patient may be using, the nature of any disease that the patient has, observation of exces
sive bruising, petechie etc, or the patient gives a history ofexcessive bleeding.

SPECIFIC ENQUIRY
A history of bleeding from minor wounds which never ceased bleeding after the ini

tial injury, is typical of platelet deficiency, dysfunction or both [see 6.1]. BleediDg from a
wound which initially ceased bleeding, and subsequently recommenced bleeding is more
typical ofdisorders of coagulation [see 6.1].

There are some specific types ofhaemorrhage and disorders about which specific in
quiries should be made.

1. A history of nose bleeds. If these are prolonged and sometimes involve large quantities
of blood, they are significant

2. Easy bruising, or haematoma formation as a result ofnormal activity or injections.

3. Excessive bleeding after dental extractions or minor cuts.

4. The occurrence ofhaemarthroses.

5. Diseases associated with a haemostatic disorder.
• liver disease. All coagulation factors with the exception of factor vm and von

W'illebrand's factor are synthesized in the liver.
• Splenomegally can cause thrombocytopenia
• Uremia can cause a thrombopathy.
• Massive blood transfusion can cause factor vm and platelet deficiency.
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• Decreased vitamin K, and vitamin C intake.
• Bowel sterilization results in decreased vitamin K synthesis in the bowel, which

can reduce production ofvitamin-K dependent coagnhdion factors.
• Chronic excessive alcohol abuse may cause a thrombopatby.
• Other disorders associated with defective haemostasis, e.g. Ehlers Danlos

syndrome, Rendu Osler, metastasized malignancies.

6. A family history of haemostatic disorder, and ifpossible their ctiagoosis.

7. Use ofany drugs that may cause a haemostatic disorder.

CUNICAL OBSERVATION AND EXAMINAnON
1. Peteehie, ecchymoses, and purpura are all suggestive ofplatelet deficiency, dysfunction,
or both.

2. Bruises or haematomas caused by trivial trauma, or even arisingspontaneously, are sug
gestive ofcoagulation defects.

3. Haemarthrosis, and ankylosis resulting from a previous haemartbrosis are all suggestive
of a coagulation disorder.

4.The presence oftelangiectasiawhich may be congenital, oraaprlred due to liver disease.

5. Look for signs of any disease causing haemostatic disorders.

TESTS OF HAEMOSTAnC FUNcnON [see chapters 6.2 a 6.3]
1.Platelet function may be tested by measuring the bleeding time, and their quantityby the
platelet count.

2 The mostuseful screening tests for coagulationfunction are thePlT/aPITfor the intrin
sic pathway, and the PI' for the extrinsic pathway. The fibrinogen concentration may also
be measured.

3.ffthere isastrong suspicionofthe existence ofa haemostaticdisorder, despite these tests
yielding normal results, consult a specialist haematologist who will advise on further test
ing. For example, minor degrees ofhaemophilia, orvon Wi11ebrand's syndrome maynot be
detected by the above tests.
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ANAESTHESIA & SURGERY OF PATIENTS WITH KNOWN HAEMOS
TAYlC DISORDERS

As a general rule, no patient sbou1d be subjected to elective surgery if their baemos
tatic function is not within the parameters defined by table 6.3.4.

GENERAL CONSIDERATIONS
1. Consult 8 haematologlst.

lDng term management ofany patient with a known haemostatic disorder is always
done bya haematologist. Thereforea haematologistsbould alwaysbe c:ousultedpreoperat
ively as regards the perioperative andpostoperative management ofthese patients.

2. PatIents with platelet deficiency or function.
Platelets in sufficient quantity as well as function are required for normal surgical

baemostasis Many patients bleed sligbtIypostoperatively, and this may contiDue for up to
48 hours. Because of this, arrangements must also be made to maintain adequate platelet
concentration and function for two dayspostoperatively.The exact type oftherapydepends
on the nature ofthe plateletdisorder [see chapter 6.5]. The bleeding time and platelet con
centrationshould be monitored regularly in the perioperative period.

3. Patients with coagUlation factor deftclencles.
Blperience with baemopbiliac patients has shown that coagulation function must

remain within certain acceptable limits until wound healing has occurred. Studies of
patients with baemophilia-A (factor VID deficiency), and haemophilia-B (factor IX
deficiency),who underwent surgicalproceduresofvm:yingmagnitudes,haveshown that the
intraoperative concentrations of these C088'J1ation factors mustbe at least 60% ofthe nor
mal concentration. Postoperatively the concentration must be maintained at least at 30%
of the normal concentration until wound healing has occurred, a process which takes from
8-22 days depending on the nature of the surgeI)' [1]. These same principles are also ap
plicable to deficiencies of other coagulation factors. O1apter 6.4 contains a more detailed
discussion of these problems.

4. Monltortng of effect of therapy.
Serial measurement of the relevant haemostatic parameters is required, so that cost

lyandpossiblyriskyover-treatmentmaybeavoided, e.g. transmissionofinfectiousdiseases,
allergic reactions etc.
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PREOPERATIVE MANAGEMENT
1. Preoperative assessment and investigation are outlined in chapters 6.2 and 6.8.

2. Ifa patient about to undergo an elective surgical procedure has abnormal haemostatic
function, postpone the operation until the problem has been investigated and treated. In
adequate haemostasiscanresult inserious, and in theworstcase, lethalcomplications, espe
cially in patients undergoing intracranial and spinal surgery.

3. Haemostatic dysfunction in patients who are to undergo emetgeney surgery should be
corrected in the most effective and rapid manner possible. Treatment of specific types of
disorders is dealt with in chapters 6.4 and 65.

4. NEVER administer drugs intramuscularly to any patientwith a haemostatic defect. 'fhis
maycause large intramuscularhaematomas. Apart from anybloodloss, thewlumeofblood
inside some limb fascial compartments may increase the pressure inside these compart
ments to such a degree that fasciotomy is required to restore blood flow.

5. Percutaneous insertion of deep venous lines should only be undertaken if haemostatic
function of the patients is within the limits set by table 6.3.4. Intrathoracic haemorrhage
due to attempts to insert a subclavian catheter can be lethal, and are more likely to occur
in patients with disordered haemostasis.

ANAESTHE11C MANAGEMENT
1. Spinal, epidural, bracbial plexus, and many other forms of regional anaesthetic block
should never beperformed unless the results ofhaemostaticfunction testiog are within the
limits suggestedby table 6.3.4. Epidural or intraduralhaematomaare the most feared com
plications of these forms of anaesthesia, and are obviously more likely to occur in patients
with disordered haemostasis. Other perineural haematomas are also undesirable, e.g. as a
result of attempts to administer a bracbial plexus block.

2. General anaesthesia is to be preferred in all patients with disordered haemostasis, as
general anaesthesia causes no haemorrhagic complications of itself. In fact, when general
anaesthesia is used, the only contraindication to surgery is the risk of haemorrhagic
complications resulting from the operation. No specific general anaesthetic technique or
drugs can be recommended as being preferable. This depends on the patient, the anaesth
etist, the surgeon, available drugs, and the operation to be performed.

REFERENCES
L RudoMki,WJ., et al.,(l987), Is majClr surgery in hemophiliac patieats safe? WORlJ> JOURNAL OF

SURGERY, 11, 378-386.
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INTRAOPERATIVE HAEMOSTATIC DISORDERS

Occasionally a hacmostatic disorder is detected intraoperatively. The disorder may
be an existiDg UDSUSpCCtcd blccdiDg disorder, or it may have arisen intraoperatively.
Regardless of the cause, diagnosis and therapy most be timely and efficient, and so the
anaesthetist should be famfliar with the basicdiagnosis and therapy ofhacmorrhagicdisor
ders occuniDg intraoperatively. Such knowledge is inwluable and saves time both in diag
nosis and therapy.This isessential for the effectivemaoagement ofpatientswithsevere life
threatening intraoperative haemorrhage due to ahacmostatic disorder.

DIAGNOSIS
1. SU8plclon.

An intraoperative haemostatic disorder is likely when one or more of the following
criteria are satisfied.

• The patient begins to bleed from wounds or puncture sites where the bleeding
had initially ceased.

• The patient begins to bleed and ooze more blood thanwould be expected for the
type andsite ofsurgery, and DO venous COJJ8CStionorexcessive arterialhypertens
ion is present, nor are there any large UDliptcd bleeding vessels.

• An experienced surgeon says that the patient is bleeding more thanwould be ex
pected for that particular operation.

2. Teats.
Ha hacmostatic disorder is suspected, there are a few standard investigations which

will provide rapid and almost certain diagnosis of its nature, if this is not already known.

• Platelet count.
• Bleeding time, (N.D. of dubious value in cold and vasoconstrietcd patients).
• Partial thromboplastin time (PIT/sPIT).
• Prothrombin time (PI').
• Fibrinogen concentration (optional).

The blood should preferably be taken from a region of the body inwhich there is no
intravenous infusion. In particular, blood should never be taken from an intravenous line
which is kept patentwith heparin. Inboth cases abnormal coagulationstudyresults maybe
found.



262 Chapter 6.10

The value of the whole blood clotting time is very dubious, as has already been dis
cussed in chapter 6.2. If the patient is cold and vasoconstrictecl, the value of the bleeding
time is also subject to variable interpretation as has also been disc:ussed in chapter 6.2.

Table 6.10.1 gives an outline of the diagnosis ofbleediDg disorders using the simple
tests descnbed above.

Some clinical problems of haemostasis are not so simple as table 6.10.1 would sug
gest, and in fact combined disorders do occur. Often the history, and the clinical circumst
ances give an indication as to the likely diagnosis ofanybIeediogdisorder. Obviouslywhere
the diagnosis is dubious orcomplicated, specialisthaemato1ogjcaJ help for further diagnosis
and therapy is advisable.

CAUSES OF INTRAOPERATIVE HAEMORRHAGIC DISORDERS
1. Unsuspected existing bleeding disorder.

Preoperative investigation may not reveal a bleeding disorder in some patients, e.g.
mild forms ofvon Willebrand's disease, orhaemophilia. AbleediDgdisorder canbe present
that is so mild that the patient has no haemorrhagic tendency in normal life. However for
surgery to be performed with clinically normal haemostasis, rather higher concentrations
and function of coagulationproteins and platelets maybe required [see chapter 6.3]. Blood
loss, with subsequent replacement oflostvolume with coagulationfactor deficient infusion
fluids, will exacerbate all such bleeding disorders after infusion ofvolumes which cause no
disorder of haemostasis in those with normal haemostatic func:tjon

2. Drugs.
Drugs ingested by the patient, or administered by the surgeon or anaesthetist may ex

acerbate an existing bleeding disorder, or induce a bleeding disorder.

a The patient may ingest any of the drugs listed in table 6.1.1.
b. Subcutaneous heparin is commonly administered perioperatively to surgical patients to

prevent the perioperative occurrence of deep venous thrombosis. The dosage used in
adults is 5000 IU administered 2-3 times per day, the first dose being administered
preoperatively. About 10-15% of patients administered lOCh doses of heparin have a
PIT that is > =2 times the normal value [3].

c. Heparin may be infused through an angiography catheter to prevent blood clotting in or
around the catheter. If the angiogram is protracted, the total heparin dose may be sig
nificant, e.g. 3000 IU in an adult. If the angiogram is perfmmed immediately preopera
tively, a si,gnificantbleedingdisorder may be present due to the heparin remajning in the
circulation.

d. A haemostatic defect may occur in patients administered dextran, albumin or
hydroxyethylstarch solutions [see chapter 142].

3. Massive blood transfusion.
Massive blood volume replacement may cause thrombocytopenia, excessively low

concentrations ofcoagulationfactors, or both. This mayoccurafter transfusion ofa volume
ofblood equivalent to the bloodvolume of the patient. A hacmostatic disorder is especial
ly likely when large volumes ofpacked cells suspended in fluids which contain no coagula
tion proteins or thrombocytcs have been used for blood volume replacement [4, and see
chapter 14.5].
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It is always advisable to measure the platelet count, Yr and aPITlP1Tafter traosfu
sian ofsuch a volume ofblood.

Tablee.10.1.
Diagnosis of Intraopendlve bleeding dIsOrders.

ABNORMAL TEST NORMAL VALUES POSSIBLE CAUSES OF
RESULT ABNORMAL RESULT

I...ow platelet count 1~ - DlC « eo.OOOInvnS,
- rnusIv8 blood transfusion

(morelhan 10.15 unIIs)
- ~throrTiJocytopenlas

Increased bleeding time <4-6rr*U81 • thrombocytopenI (see
low platelet count)

• 1hrombop&Ihy
(uremIII, 8IoohoI/sm,
drugs. other dIseues)

IflCl'8Il88d Acr < 160 seconds - heperfn effect
• gl'088 abnonnallty cj

InIrInsIc dolling psth,
e.g. haemophIa, DlC etc.

IflCl'8Il88d &PITIPTT <46 seconds • heperfn effect
• musIve blood transfUsIon
• D/C
• dI8ea8es such as the

haemophIlas

Increased PT <18seconds • ond 8J1IIcclIgLB1ldrug
effect, e.g. coumartns.

- Gross IJIIer dl8e8tle
- DlC
• MassIve blood transfusion

1ncr88S8d PT & • DIC
Increased &PITJPTT • VfJl'I high doee hep8rtn or

ond anI/coIgIIant drugs
- MusIv8 blood transfUsIon

I...ow fbInogen 1.8-4.5 '" • DIC
• primary fIbrInolysIa

~1v8r disease, proeIate
can:Inorna)
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4. DIssemIn8ted IntraV88CU1ar coagulation (DIC).
DICmay occur as a resultofmassive trauma, major SUJFIY.cc:rebraIinjury, sepsis etc

[2].

MANAGEMENT OF VARIOUS DISORDERS
1. Dls8emlnated Intrav8lcUlar coagulation (DIC) [2].
L DIC ill bleediDg patients.

Heparin is one of the most effective methods ofstoppiDg die process of DIe. But in
the intraoperative situation with a patient rapidly bleediDg from WOUDds, heparin cannot
be administered to stop coagulation occurring as the patieut...,bleed even more rapidly.
AD that can be done is to attempt to minimize bleeding by repIaciDg tile deficient coagula
tion factors. In many cases the cause of the DIe is in itself the reason for operation, and
surgery will remove the pathological process triggering it.

Insuchsituations, therapyconsists ofreplacementofthedeficientcoagulationfactors
with fibrinogen concentrate, fresh frozen plasma, and platelet infusions Fresh blood may
alsobeused incaseswhere the patient is bleedingrapidly, orhasalreadylost a large amount
ofblood.

b. DIC ill DOD-bleeding patients.
Some patients may have active DIe, but not be bleediDg. Such a situation occurs in

those patients with meningococcal meningitis, heat stroke, IIIIke bite, maHgnancies, etc.
Heparinization of the patient will halt the DIe. Platelets and .,..arionfactors may then
be administered SO that primaIy haemostasis can occur while tile coodition triggering the
DIC can be treated.

ManagementofDICusuallyisbest done togetherwithaspeciatistbaematologist. Fur
thermore, successful management requires a blood bank apbIe ofproviding the quan
tities ofcoagulation factors needed. aswell as a laboratOIy c:apabIe ofperformingthe neces
sarytests.

2. Coagulation factor dellclency.
Apersonundergoingswgery loses blood, plasma, orboth.1bemosteffective therapy

is an infusion offresh plasma. This replaces both lost bloodvolume. well as the deficient
coagulation factors. If the patient has also lost significant quantities oferythrocytes, trans
fusion of fresh blood is to be preferred. Fresh blood replaces an magnlation factors that
have been lost, as well as the erythrocytes. An alternative to this is iDfusion of an erythro
cyte concentrate, (e.g. packed cells), plus fresh plasma.

3. Platelet deficiency or dysfunction.
Intraoperative platelet dysfunction or deficiency is effecti¥eJy treated with a platelet

transfusion. Transfusion of fresh whole blood may be used for petiC2ltS who have lost, or
are losing large quantities ofblood. This replaces both the lostblood as well as correcting
the platelet deficiency [see chapter 65].

REFERENCES
L Wmtrobc,M.M., et aL,(l981). "C:IiIIiQl Hemltolog", 8th cdD., pub. Lea A Nip.
2. EIIiua,N.,(1977). Diaposis lIIId Man.""'" ofBIcccfiDg DiIordcrLANPSl1fFSIOLOGY, 47, 171-180.
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Part 7

ENDOCRINE DISORDERS

The anaesthetist is frequently coufr~ with patients with diabetes mellitus, and
sometimes with patients suffering from disordered thyroid or adrenocortical function. All
these are relatively common endocrinological problems, and the anaesthetist should be
aware ofthe physiologicalproblems caused bytbem, and their practical management in the
perioperative period.
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Chapler7.1

DIABETES MELLITUS

Diabetes mellitus is one of the most common endoaine disorders afflicting surgical
patients. It is not a benign disease as it causes significant mmbidity, and is associated with
a number ofpotentially serious problems in the perioperative period.

PROBLEMS
1. Increased mortality.

The postoperative mortality of diabetics is up to twice that of non-diabetic patients
[5].

2. Depressed phagocytic function.
Phagocyte function is reduced inpersonswith uncontrolled diabetes, returning to nor

mal with restoration of normoglycaemia [1].

3. Impaired wound healing.
Wound healing is deficient in patients with uncontrolled diabetes mellitus, healed

wounds having less tensile strength than a comparable wound in a non-diabetic [22]. Defi
cient wound tensile strength is also exacerbated by the higher incidence of postoperative
wound infections that occurs in diabetic patients [2,3,4].

4. Hyperglycaemla.
Anaesthesia and surgery canboth cause hyperglycaemia, the level ofwhich is in direct

proportion to the degree of trauma. Hyperglycaemia may also be due to the drugs or in
fusion fluids used in the perioperative period. The plasma glucose concentration may rise
so high that hyperglycaemic hyperosmolar non-ketotic coma may occur. Hyperglycaemic,
hyperosmolar coma usually only occurs in poorly controlled diabetic patients, and only
manifests when the plasma glucose is above 33 mmoVl (600 mW100 mls), and the plasma
osmolality is above 320 mosmIl [6,7.21].

5. Hypoglycaemla.
There are various possible causes of perioperative hypoglycaemia in patients with

diabetes mellitus.

8. Preoperative fasting after sudden discontinuation of regular ingestion of any of the oral
hypoglycaemic drugs can cause hypoglycaemia [8,9]. Hypoglycaemia due to chlorprop
amide has been reported to occur up to 60 hours after the last dose of the drug [9]. This is
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made more likelyby the fact thatoral antidiabeticdrugsmayhave aprolonged action, espec
iallywhenadministered chronically, orin thepresence ofrenal failure, e.g. chlorpropamide.
Table 7.1.1 shows the elimination half lives ofsome of the oral hypoglycaemic drugs.

b. Hypoglycaemia may also be induced by incautious administration of insulin.

Manifestations ofhypoglycaem1a.
Most healthy adults experience symptoms due to hypoglycaemia when the plasma

glucose concentration falls below 2-2.5 mmoJll (36-45 mg/IOO mls) [29,30].1be manifesta
tions ofhypoglycaemia are those of increased sympathetic activity;

• transpiration,
• tachycardia and elevation of the blood pressure,
• pupillary dilation.
• unconsciousness in extreme hypoglycaemia.

Table 7.1.1.
Elimination half lives of some oral
hypoglycaemic drugs [27].

DRUG

Acetohexamide
Chlorpropamide *
Glibomurlde
Gliclazide
Tolbutamide
Glibenclamicle *
Glipizlde
Glisoxeplde

elimination
half life (hrs)

1.3-4.5
33-43
8.2-8.8

10
7

5.7-10
4-7
20

• The eliminationhalflivesofgljbenclamide
and chlorpropamide increase with
prolonged use.

Hthese manifestations occur ina consciouspatientwho is not inpain, theyare strong
lysuggestive ofhypoglycaemia, andshould always be treated immediately as hypoglycaemia
until the plasma glucose concentration is known. However, the patient undergoing surgery
under general anaesthesia, is a different matter. Manifestations of increased sympathetic
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nervous activity may be due causes other than hypoglycaemia. Some of these are listed
below.

• The patient may be awake due to inadequate general aoaestbesia, but paralyzed
due to muscle relaxants. These patients are often very 8IIIious and have much
increased sympathetic nervous activity.

• The patient may be experiencing pain due to surgery•
• The patient may be hypercarbic.
• The patient may be hypovolaemic.
• The patient may have heart failure.

The patient may be unconscious due to general anaesthesia, or heavily sedated, and
cannot complain about symptoms ofhypoglycaemia Patientswho have been administered
ganglion blocking or 8-blocking dugs may be incapable of producing the sympathetic
manifestations ofhypoglycaemia.

Coma due to extreme hypoglycaemia occurs when the plasma glucose concentration
isbelow 1.4-1.7 mmolll ( < 25-30 mW100 mls) [12, page 1979]. Beqnse ofthis especial care
most be taken to ensure that the patient is normoglycaemic or hypergtycaemic, rather than
hypoglycaemic during anaesthesia.

6. Osmotic diuresis.
Glycosuriaoccurswhenthe plasmaglucoseconcentrationrises aboveabout 10mmolll

(about 180 mg/l00 mls), or when more than 17.6 mmol (320 mg), glucose appears in the
glomerular filtrate perminute [ll,pages418.419]. Above this level therenal tubularglucose
transport system is saturated and cannot transport any more glucoseback into the body. In
caseswhere theglomerular filtration is reasonably maintained, and there is asignificant de
greeofsurgica1lyinduced hyperglycaemia, the tubularglucoseconcentrationmaybe sohigh
that an osmotic diuresis oCOJI'S. This can cause significant hypcwolaemia and electrolyte
disorders.

7. CoexistIng coronary and peripheral vascular disease.
Diabeticpatients have a higher than normal incidence ofcoronary andperipheralvas

cular disease. "Silent" myocardial infarction also occurs more often indiabetic than in non
diabetic patients.

a. Autonomic neuropathy.
Autonomic neuropathy is a very common complication ofdiabetes mellitus, especia

lly in the olderdiabeticpatient [seechapter8.6].The importance ofthisfor theanaestbetists
is that the baroreflexes of diabetic patients are not as effective in maintaining
haemodynamic homeostasis in comparison with those of non-diabetics. Because of this
diabetic patients are more sensitive to cardiovascular depressant effects of anaesthetic
drugs, and are unable to compensate as well as non-diabetics in response to blood loss, or
to any degree ofvasodilation. The final result ofthis is that theyare moreprone to develop
ing hypotension in response to any of these factors.

In addition to the above, the population of post-synaptic adrenergic receptors is in
creased due to the neuropathy. Increased sensitivity to the effects of adrenoreceptor
stimulating drugs occurs.
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EFFECTS OF SURGERY AND ANAESTHESIA ON GLUCOSE METABOUSII
1. Effec18 or surgery on glucose homeostalllin norHIIabetics.

Surgery carried outonnon-diabeticpatients causes the plasmaglucose conc:entndion
to increase [24], aod the glucose tolerance test to become abnormal [25]. The magnilude
of the change in glucose metabolism is in directproportion to the magnitude of the smgi
cal trauma [23,24],Thecauseofttaumatichyperglyalemiaandglucose intolCl1lDCebasbea1
the subject ofmuch invatigatiOD, and some of the most important changes ofglucose me
tabolism are listed below.

a. Major trauma or surgay may increase the whole body glucose consumptionby as JDDdJ
as three timesnormal, (nmmal basal adultglucoseQJllSliIIll'tion isabout6-10gmrIbour).
The magnitude of the inaease of glucose consumption is directly proportional to the
magnitude the trauma or surgery [25].

b. Trauma and surgery also increases the rate of glucose production from hepatic
gluconeogenesis aDd muscle glycogenolysis [23].

c. Plasma insulinconamtrationdoes not changesigDificantlyduriDg orafter trauma[24,25].

Hyperglyalemia occursbecause the rate ofglucose production from muscle glyc0ge
nolysis and hepatic gluconeogenesis exceeds the rate of peripheral glucose consumption
and uptake [23].

2. Effects or a.......... on gluC088 homeoelllilin non-dlabeUcs.
The effects ofanaesthesiauponglucose metabolismBeminor in comparisonto those

of trauma and surgery. But anaesthesia does have some effects upon glucose metabolism

a. Hyperglycaemia may be exacerbated by intravenous infusion fluids such as glucose c0n

taining solutions, or Hartmann's solution (RiDger's 1adate) [10].
b. The only anaesthetic drugs actually causing an elevation ofblood glucose conamtndion

are diethyl-etber [13] and halothane [26]. Adequate auaJgesiawith opiates [26], orother
techniques minimiu: the elevation ofplasma glucose concentration simply by recIw:iDg
the physiological response to trauma.

Co The use ofspinal or cmadural anaesthesia is usociated with a minjmal hyperg1yalcmic
response to surgery in comparison with the same operation carried out under geoeral
anaesthesia [28].

3. Effector.~and ana88th.la In dIab8IIc .........
The same cbaoges inglucose homeostasis also oam indiabetic patients, butbecause

diabetic patients produce little to no insulin, the h,yperzJ.yaIemic response to surgery,
trauma, and infection is greater in magnitude than that ofnon-diabetic patients.

INTRAVENOUS INSUUN KINETICS AND DYNAMICS
Insulinshould ideallyonly be administered by the iDtraYenous route in the periopera

tive period, as cold andpain induced skin and mnsoJlarvasocoostrietion due to smgeryand
anaesthesiamakes iosulinabsorbtionfrommuscleandsubcutaneous tissues unpredictable.
Insulinshould also ideallybeadministeredby acoJ15bpJt iDtraYenous infusionas thisguaran
tees a CODStant plasma concentration of insulin. For this reaon it is first necessary to dir
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cuss the plasmakinetics ofinsulin in relation to its effect, as this is important for any under
standing of the rationale behind intraveDous iDsulin infusion regimes.

The behavior of insulin may be described by the same phannacokinetic models as
drugs. Soluble insulinhas aplasmaeHminationhalflife of9-10minutesafterintravenous in
jection or infusion [17). After coJJlJlWlCing a constant intravenous infusion of insulin
without an initial loading dose, the plasma insulin concentration is almost at steady state
concentration by 30 minutes ( =3 elimination half lives) [see chapter 15.1 for principles of
intravenous drug infusions].

Howeverplasma glucose concentration isnot related to the plasma insulinconcentra
tion unless steady state conditiom have been achieved, but instead is related to the inter
stitial fluid insulinconcentration. PlasmagIuaJseconcentration changes inparallelwith the
interstitial fluid insulin concentration, with a Jag time ofless than 5 minutes. The equilibra
tion half life of insulin in the interstitial fluid with that in the plasma is about 20 minutes
[17). This means that after starting an iosulin infusion without an initial loading dose, or
after changing an insulin infusion rate, that theplasmaglucose concentrationreaches a new
steady state concentration in about 1-15 hours [11. see also chapter 15.1].

This is more than sufficiently rapid for adequate control of the plasma glucose con
centration, maldngperioperative intermittentintravenousinsulindosage regimeswith their
attendant problems unnec:essaIy. In addition to this, because the rapidity of onset of a
desirable hypoglycaemic effect is more than sufficiently rapid for clinical purposes, an in
travenous loading dose of insulin when starting an insulin infusion is also unnecessary [see
chapter 15.1 for explanation of loading dose principles].

Table 7.1.2.
Thresholds for clinical manifestations of various plasma glucose con
centrations, and the range of acceptable perioperative plama glucose
concentrations [see text for references].

HVPOGLYCAEMIC COMA - 1.4-1.7 mmolII
- 25-30 mg/100 mls

SYMPTOMATIC HYPOGLYCAEMIA - 2-2.5 mmoVi
- 35-45 mg/100 mls

ACCEPTABLE PERIOPERATIVE - 3.0-20 mmol/l
GLUCOSE CONCENTRATIONS - 55-350 mg/100 mls

SIGNIFICANT OSMOTIC DIURESIS - 15-20 mmo/Jl
- 270-360 mg/100 mJs

HYPERGLYCAEMIC COMA - 33 mmolJl
- 600 mg/100 mJs
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PERIOPERATlVE MANAGEMENT OF DIABETES MEwroS
The practical aoaesthetist should always remember that hypoglycaemia tills more

rapidly, or is more likely to cause permanent brain and other organ damage than hyper
glycaemia. A few aitical plasma glucose concentrations need to be kept in mind when ad
ministering anaesthesia to the diabetic patient These are the concentrations ofg1uaJse at
which coma is likely, and that above which osmotic diuresis becomes significant These are
shown in table 7.1.2

Because of the WIyiDg magnitude ofphysiological stress in the perioperative period,
it is impoSSlble to regulate the blood glucose concentrationwithina very narrow range.The
plasma glucose concentration range generally considered acceptable in the periopetative
period is one which does not cause bypoglycaemic manifestations at the lower eud oldie
range, and which at the higher end of the range neither causes a significant osmotic diwesis
nor hyperosmolar coma [see table 7.1.2 for these plasma glucose levels]. The ac:ceptabIe
range for plasma glucose concentration during the PERIOPERA11VE PERIOD is bo
tween3-20mmoV1(55-350mgll00mls).Noematherapeuticeffortneedbemadetoeither
raise or lower the pIasmaglucose concentrationifit is within this range in the perioperative
period.

Perioperative diabetes management is regulated acoording to the normal diabetes
management ofthe patient There are three categories ofdiabetic management, diet oaly,
oral hypoglycaemic agents plus diet, and insulin plus diet

I. Diet regulated dIabeIe8 mellitus.
Patientswhosediabetes is managedby diet alone, onlyrequire monitoring oftbeplas

ma glucose in the perioperative period. If the glucose concentration rises above 15-20
mmoVl (270-360 mWtOO mls), then an intravenous iDsuJiIJIglucose infusion regime sbou1d
be commenced as described in the subsequent paragraphs.

2. Oral hypoglycaemlc drug regUlated dlabet88 melllU.
Patients whose diabetes is managed with diet plus an oral hypoglycaemic agent re

quire a more active regime.

a. Preoperative fast from midnight

b. NO breakfast and NO oral hypoglycaemic medication of any sort on the day of 0pera
tion.

c. At 0600 hours on the day of operation measure the plasma glucose concentration.

d. At 0800 hours on the day ofoperation commence an intravenous infusion ofglucose 5%
at a rate of 83 mls per hour (500 mls in 6 hours). Short acting (soluble) insulin is added to
the glucose solution, the amount ofwhich is determined by the 0600 hours plasma g1uaJse
concentration.Therecommended rates for perioperative intraYenous insulininfusioDsvary
somewhat between authors [13,14,15,16,18], but a generally acceptable regime is set out in
table 7.1.3.

It is true that a 5%glucose solution infused at a rate of83 mWhour onlyprovides ooly
about 4 gms ofglucose per hour. This is less than the normal basal glucose requirement of
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6-10 guWhour for healthy adults, and the difference is even greater during surgery, as
surgery increases glucose consumption. But normal glucose production, plus the increased
glucose production due to a higher rate ofhepatic gluconeogenesis and muscle glycogeno
lysis caused by surgery more than makes up for the difference.

e. Plasmaglucose level shouldbe monitoredevery2-3hours after startingan insulinglucose
infusion, or changing the infusion rate. 1bis is to allow time to achieve a new steady state
interstitial fluid insulin, as well as plasma glucose concentration [see disaJssion on insulin
kinetic:s).The insulin infusion rate should be adjusted according to table 7.1.3.

TIIbIe 7.1.3.
PERIOPERATIVE INSUUN-GLUCOSE REGIME

(Insulin is added to a 5% glucose solution and infused at a rate of 500 mls/6
hours =83 mlsIhour)

0600 PLASMA GLUCOSE UNJTS INSUUN INSUUN
CONCENTRATION l*500ml INFUSION RATE

(mg/100 ml8) (mmol/l) Glucose 5% (Unll8lhour)

<90 <5 0 0
90-180 5-10 4-8 0.5-1.5

180-360 10-20 8-12 1.5-2.0
>360 >20 12-16 2.0-3.0

Ifcontrol is inadequate with 3 unitsIbour, increase the dosage by 1unit/hour
steps every 2-3 hours until control is established.

f. HypokaJaemia may occur as a result of the insulin-glucose infusion, especially in situa
tio:os where the glucose concentration decreases. However, routine addition ofpotassium
to the infusion can cause hyperkaJaemia in some patients [15], and so it is advisable to
meaure the plasmapotassium concentration regularly, along with the plasma glucose, and
correct any hypokalaemia as it occurs.

g. Any patient unexpectedly remaining UIICODSCious at the end of an operation performed
UDder gaJeI'al anaesthesia must be treated as having hypoglycaemic coma until proven
otherwise. The plasma glucose concentration should be measured. Any insulin infusion
should be stopped. and administer a glucose infusion until the plasma glucose concentra
tion is known. The glucose infusion may be then continued or stopped depending on the
plasma glucose concentration.
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b. Postoperatively. the patient either continues with an insulin infusion ifvery sick. Or. if
the postoperative course is uncomplicated. receives a regime of subcutaneous soluble in
sulin until normal diabetic control can be re-instituted.

i. Insulin dependent diabetes mellitus.
IDsulin dependent diabetic patients may be managed very successfnlJy in the

perioperative period using the method used by the internists (Head of department
Dr.JD.M. Feuth, internist). worldngin theDepartmentofSurgeryofthe UniversityHospi
tal of Leyden. the Netherlands. Soluble (short acting) insulin bas been found to have only
80% ofthe effect ofLente (long-acting) insulin [20. page 1525]. This may be used to calcu
late the total daily dose of insulin that is used in terms of a equivalent daily dose ofsoluble
insulin using the formula below.

Sle = DsI + 1.25 x Du

Sle = equivalent total daily dose ofsoluble insulin in ill.
Osl = total daily dose in ill ofsoluble insulin normally used by the patient
Du = total daily dose in ill of lente insulin normally used by the patient

The equivalent total daily dose that is so calculated is used as the initial total daily
dose ofsoluble insulin to be administered by intravenous infusion. One quarter of this cal
culated daily dosage ofsoluble insulinis added to 500 mls ofa glucose5% solution. and in
fused intravenouslyevery 6hours (83 mWbour). This is continued until the normal insulin
regime ofthe patient can be recommenced.The plasmaglucose level should be monitored
every 2-3 hours as indicated. and the insulin infusion rate varied accordingly [see table
7.1.3]. Adjustment ofthe insulin infusionrate, and all other management is otherwise iden
tical to that for patients using oral antidiabetic agents.

ANAESTHETIC MANAGEMENT
preoperative.
1. Enquiry as to the nature of the diabetes management, and the dosages of any
hypoglycaemic drugs is essential.

2. Because of the high frequency ofcoexistiDg diseases in diabetics. in particular renal dys
function and cardiovascular disease. plasma electrolytes. haemoglobin. plasma glucose,
creatinine and urea should be routinely measured preoperatively. Diabetic patients have
an above normal frequency of"silent" myoc:ardial infarction. Because of the potential risks
associated with surgeryperformed on a patientwho bas bad a rec:ent myocardial infarction.
all diabeticpatients should have apreoperativeBCGmade, which is no older thanoneweek
at the date of the planned operation.

3. Specific enquiry should be made as to the presence of any possible autonomic
neuropathy, which may indicate the presence of deficient baroreflexes. Autonomic
neuropathy and deficient baroreflexes are common in elderly diabetics [see chapter 8.6 on
baroreceptors].
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4. The administration of anticholinergic, sedative or other drugs for premedication is de
pendent on the nature of the operation and the preferences of the anaesthetist

Anaesthesia.
1. Because of the baroreflex deficiency which is often present, diabetic patients are more
prone to develop hypotension in response to cardiodepressant drugs, vasodilation, or blood
loss [see chapter 8.6]. In addition, diabetic patients have increased sensitivity to the effects
ofcatecholamines. The result ofall these changes is that anaesthesia and surgery in patients
who have been diabetic for many years may be accompanied by large changes in the blood
pressure in response to any or all of the above stimuli. Administration of any drug. or use
of any technique should be done carefully so as to minimize the chances of this.

2. Loco-regional anaesthetic techniques are to be preferredwhere possible.This minimized
the chances of deep venous thrombosis and exacerbation of coexisting diseases. However
some caution should be exercised with spinal and epidural anaesthesia in patients with
known baroreflex deficiency, as lack ofeffective baroreflexes means that these techniques
may cause a more than usually large fall ofblood pressure.

3. No special general anaesthetic technique can be recommended, except that deep anaes
thesia with adequate suppression of stress responses minimizes the hyperglycaemia
response to surgery. Anaesthesia itself, (except for ether and chloroform anaesthesia), has
only a minor hyperglycaemic effect in comparison with the effect ofsurgery [13].

4. Do not administer glucose containing intravenous solutions unless they are administered
together with insulin, or are required for therapy ofhypoglycaemia, as excessive degrees of
hyperglycaemia may occur. The use of Ringer's lactate solution (Hartmann's solution) is
also not advisable as it causes a greater degree of hyperglycaemia in diabetic patients that
in non-diabetic patients [10].

Postoperative.
1. Continue to regularly monitor the plasma glucose concentration, and as necessary adjust
the insulin infusion rate.

2. Once the patient is able to orally ingest fluids and food, he may resume his normal diet
and diabetic regime.

3. The old "sliding-scale" technique is still frequently used, although mainly in the pos
toperative period. The system consists of regular testing of the urine with glucose testing
tablets or strips every 4-6 hours, followed by administration of a subcutaneous dose of
soluble insulin according to the glucose concentration measured. If the concentration of
glucose in the urine is;

• 1+ = no insulin need be administered,
.2+ = administer 5 units insulin subcutaneously,
.3+ = administer 10 units insulin subcutaneously,
• 4+ = administer 15 units insulin subcutaneously [19].
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1bis method of postoperative diabetic control assumes a normal renal g1ncose
threshold, and mates the assumption that the last urine sample is an accurate refIedion of
the plasma gIocore concentration at that time. Neither of these assumptioos is true in
patients with ......IIding diabetes mellitus. In these patients the renal glncose tnmsport
is frequently abnormaL
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Chapter 7.2

HYPERTHYROIDISM AND IIfHYROID STORM-

SOME ASPECTS OF THE PHYSIOLOGY OF THYROID HORMONES
Prior to considering the relationship of hyperthyroidism to anaesthesia and surgery,

abriefreview of the relevant aspects of the physiology and metabolism of the thyroid hor
mones, thyroxine (T..) and triiodothyronine (T3), is ofvalue.

T..acts like aprohormone in that it is5-10 times less active than its metabolicproduct,
T3 [5]. T3 acts bybindingwith specific receptors in the nuclei ofcells sensitive to the effects
ofT]. The tissues most sensitive to the effects of thyroid hormones are also those with the
highest concentrations of nuclear T3 receptors. These tissues are the anterior pituitary,
brain, kidney, liver, and myocardium [4]. T3 binds with the receptors in the cell nuclei,
stimulates n'bonucleic acid (RNA) synthesis, and subsequentlyprotein synthesis. Because
of this the effects of the thyroid hormones only begin to manifest several hours after ad
ministration.

About 80% of the conversion ofT.. to T3 takes place outside the thyroid gland. This
conversion is subject to control by various other hormones, such as catecholamines and
glucocorticoid hormones.

1. Catecholamines increase the rate ofconversion ofT.. to T3 [1]. In man it has been shown
that this is regulated to some degree by 82-adrenorec:ep S2, but not SI-adrenorecep
tor blockade in man partia1ly blocks the conversion ofT.. to T3, and decreases the plasma
concentration ofT3 by 13-30%, but bas no effect on T.. concentration [2].

2. Glucocorticoid hormone administration in normal pharmacological dosages reduces T4
secretion, thereby decreasing the plasma concentration of T4, in addition to partially in
hibiting its conversion to T]. This causes the plasma T3 concentration to fall [3].

PROBLEMS DUE TO HYPERTHYROIDISM
1. Clinical manlfe8tatlon of hyperthyroid11m.

In one series [18], the frequency of symptoms and signs observed in hyperthyroid
patients were as listed in table 7.2.1.

2. Hyperthermia.
Hyperthyroidism elevates thebody temperature by raising the metabolic rate ofmost

tissues, and with this, the whole body oxygen consumption too. "Uncoupling of
mitochondrial oxidativephosphorylation- isnot, as was previously thought, the cause ofthe
increased metabolic rate, as hyperthyroidism increases the intracellular production and
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utilization of adenosine triphosphate (ATP) [6]. About 40% of the increased tissue heat
production is due to elevated activity of the membrane sodium-potassium pump [6].

Both anaesthesia and surgery elevate the plasma concentrations ofthyroid hormones
[7,8.9], as may psychological stress [HU1). This can cause the body temperature to rise,
typically 5 or more hours after the initial stimulus [11].

Table 7.2.1.
Frequency of the most common symptoms and signs in hyperthyroidism
[18].

SYMPTOMS

Nervousness 9%
lnaeased sweating 91%
Heat sensitivity 89%
Palpitations 89%
Easy fatigability 88%
Weight loss 81%
Tachycardia 82%
Dyspnea 5%
Muscular weakness 70%

SIGNS

Tachycardia
Tremor
Eye signs
Atrial fibrillation

100%
97%
71%
10%

3. Increued 88I181t1v1ty to e:at8choIMIInes.
Many of the manifestations ofhyperthyroidism such as peripheral tremor, increased

sweating, and tachycardia are the same as those due to increased sympathetic nervous sys
tem activity. But neither the plasma concentrations, nor the secretion rates of either
noradrenaline [12], or adrenaline [13], are increased in hyperthyroidism in man.

However there is evidence for increased sensitivity to the effects of catecholamines
and sympathetic nervous stimulation. Thyroid hormones increase myocardial 8
adrenoreceptor concentrations, as well as inaeasing the activity of myocardial adenyl
cyclase, the enzyme coupled to 8-adreooreceptors [14]. SimultaDeously hyperthyroidism
decreases the concentration ofvasadar.-adrenoreceptors [14]. Thiswould indicate that an
increased sensitivity to the8-adrenergiceffects ofcatecholaminesshouldbe observed.This
has never been consistently obseIved in hyperthyroid humans [15]. The most positive
evidence that hyperthyroidism does cause increased sensitivity to e:atechoJamines, and nor
mal resting levels of sympathetic nen0u5 stimulation, is provided by the effects of the 8
adrenorec:eptorblockingdrugs. Proplaoolol,aDOn-specific81 aswell asBb-adrenoreceptor
blocking drug. reduces hyperthyroidism caused tachycardia and psychomotor symptoms
within 1,.10 minutes after intraveDous iDjcc:tion [16]. While it is true that propranolol also
decreases the conversion ofT4 to T3, this cannot be the explanation for the effect on the
tachycardia and other manifestatiollS of increased sympathetic nervous activity, as the ef-
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fects ofa decreased concentration ofT3takes severalhours to manifest byvirtue ofits mode
of action.

In conclusion it may be stated that increased sensitivity to catec:holamines does occur
in hyperthyroidism.

4. C8rd1OY88CUlar funcUon.
Hyperthyroid patients have what is coIIJDJODly called a '11ypertinetic" circulation.

Tachycardia occurs in 100% ofhyperthyroid paticn1s [18], the cardiac output and contrac
tility are increased, and the systemicvascular resistance is decreased [19,20,21].Thealtered
cardiac function is in part due to the increased catecholamine sensitivity, (increased J3..
adrenoreceptor numbers), and also due to the other effects of thyroid hormones on the
myocardium.

Hyperthyroidism can have other effects upon the heart. Atrial fibrillation occurs in
about 10%ofallhyperthyroid patients [18].Thosewithcoronaryarterydiseasemaydevelop
angina pectoris as a result of the increased cardiac work due to the changes mentioned
above. Patients with marginal myocardial function may develop heart failure for the same
reasons.

The decreased systemic vascular resistance is most likely due to the combination of
increased J3..adrenoreceptor, together with decreased cr-adrenoreceptor concentrations, as
well as hyperthermia.

5. Muscle weakness [17].
Electromyographic abnormalities are found in about 90% of hyperthyroid patients.

About 32-100% of hyperthyroid patients complain ofmuscle weakness, and 60-100% ac
tually have clinical muscleweakness. Theweakness is typically confined to the shoulder and
hip muscles, and difficulty is experienced in rising from a squatting position, and climbing
steps.

The cause is thought to be due to thyrotoxic inhibition of muscle phosphocreatine
kinase. Less creatine phosphate is synthesized in the muscle cells, and the intracellularATP
concentration is decreased. Alower muscle cell ATP concentration means that less ATP is
available for muscle contraction, and so muscle weakness occurs.

EFFECTS OF ANXIETY, ANAESTHESIA AND SURGERY
The human thyroid gland is innervated by adrenergic sympathetic fibers arising from

the cervicalganglia Stimulationofthese fibers inanimalexperimentsincreases thyroid hor
mone secretion rate [22]. The mechanism by which both surgical and anaesthetic proce
dures cause the thyroid hormone concentrations or activity to increase is most likely by in
creasing the sympathetic nervous system activity. This stimulates release of more thyroid
hormone, and elevatedplasma catecholamine concentrations accelerates the conversion of
T4toT).

1. Effect of anxiety.
There is some clinical evidence that preoperative anxiety can precipitate thyrotoxic

hyperthermia in hyperthyroid persons [11]. This is not surprising as anxiety increases sym
pathoadrenal activity, increasing plasma catecholamine secretion rate and concentrations
[23], as well as increasing thyroid hormone secretion. Conversion ofT4 to T3 is increased
by catecholamines.



282 Chapter 7.2

2. Effect of anaesthesia.
Diethyl-ether [9], halothane [24], and isoflurane [7] anaesthesia all inaease the plas

ma T4 concentrations significantly. Spinal [25], thiopentone [9], and methoxyflurane [24]
anaesthesia do not cause the plasma concentration ofT4 to rise.

3. Effect of surgery, trauma.
Surgicalprocedures such as thyroid surgery [8], so-called -minor" surgicalprocedures

such asappendectomyandinguinal hernionbaphy, and certainlymajorsurgicalprocedures
all cause the plasma T4 concentration to rise [7,9,24].

MANAGEMENT OF HYPERTHYROIDISM
Pharmacological therapy is the principal method of treatment of hyperthyroid

ism. Therapy ofhyperthyroid patients has varying aims.

1. To treat the patient chronically until the condition causing hyperthyroidism undergoes
spontaneous remission.

2. To render a patient euthyroid prior to surgery.

3. Acute treatment of the effects of thyrotoxicosis.

1. Chronic treatment.
This is usually done with one ofa variety ofantithyroid drugs.

• Propylthiouracil, 100-200 mg every 8 hours.
• Methimazole, 30-60 mg once a day.
• Carbimazole, 2-10 mg once a day.

It usually takes 3-12weeks oftreatmentwith any ofthese drugs before the patientbe
comes euthyroid. Of the above drugs, propylthiouracil has the added advantage that it
blocks the peripheral conversion ofT4 to T:J, This is not a property shared by the other an
tithyroid drugs.

2. Preparation of the patient for surg.-y.
a. Preparation for elective operation.

The patient is rendered euthyroid with one of the above antithyroid drugs. In addi
tion to the antithyroid drugs, 60 mg ofpotassium iodide is administered every 8 hours for
7-10 days prior to the planned date ofsurgery. This further reduces the thyroid hormone
production, and also the vascularity of the gland [10].

b. Rapid preoperative preparation.
A more rapid method ofpreoperative preparation has been descn'bed [8].The hyper

thyroid patient is given propranolol 80 mg, and potassium iodide 60 mg every 8 hours for
10 days prior to the planned date ofSUIgeIy. This method should really only be employed
in those cases where surgery must be performed relatively rapidly on a patient with un
treated hyperthyroidism.
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e. Preparation for em....ey operation.
Patients whose hyperthyroidism is uncontrolled, but who must undergo an emergen

cy operation, shouldhave thchyperthyroidmanifestatiOOlcontrolledbefore SUIgCl)'isc0m

menced [10]. Management is identical to that for control of clinical manifestatiODS and
thyrotoxic crisis.

3. Treatment 01 clinical manlfeetatlona.
Treatment ofthe cHnicalmanifestations ofhypotbyroidismhas two aspects, reduction

ofhyperthermia, and cardiovascular manifestations. IS well IS reducing the seaetion ofT4
and blocking its conversion to T3-

a. Reduction orsympatlaetie cmradMty.
Propranolol should be administered intravenously at a rate of 1mg per miDDte until

the pulse rate drops below 100beats/minute, and theothermanifestations ofincreasedsym
pathetic nervous system~ are reduced. The effect of propranolol manifests within
minutes. Subsequently an infusion of propranolol should be commenced at a rate of 1-3
mglhour [16]. Propranolol also partially blocks the COIIYelSion ofT4 to T3 [see above].

b. Decrease release orT4ad eonvenlon ofT4 to T3-
Hydrocortisoneshouldbeadministered intravenouslyatadosageof l00-200mgevery

8 hours. This reduces both the T4 secretion rate, IS wen IS partially inhibiting conversion
ofT4 to T3 [see above].

If fe8Slole, propylthiouracil may be administered orally every 8 hours at a dosage of
100-200 mg every 8 hows. Propylthiouracil bloc:ts both the secretion ofT4 and blocks the
conversion ofT4 to T].

PREOPERATIVE ASSESSMENT
1. No hyperthyroid patient should be allowed to undergo elective surgery until the hyper
thyroidism has been controlled and the patient rendered euthyroid.

The patientwhohubeen renderedeuthyroidhuaperioperative morbidity and mor
tality similar to normal patients undergoing the same operation.

2. Preoperative asseSS'DC'rt of the absence or preseuce of hyperthyroidism is essentially
clinical, based upon the clinical manifestations of the disease. Ofall the clinical manifesta
tions, the resting pulse rate is the best indicator. A resting pulse rate of more than 100
beats/minute should be taken IS evidence ofinadequatelycontrolled hyperthyroidism, in a
hyperthyroid person.

ANAESTHETIC MANAGEMENT
The clinically euthyroid patient may be mauaged the same IS any normal patient.

Anaesthetic management of patients with existing or inadequately controned hyper
thyroidism, is directed towards minimizing the chanceofthe development ofacute thyroto
xicosis. This requires that anyperioperative sympathoadrenal response be bluntedas much
as pos51ole.
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Premedication.
1. This should provide sufficient sedation, analgesia, or both, as required to prevent any
preoperative anxiety or pain caused elevation ofsympatboadrenal activity. The choice of
drugs to usc for this purpose is individual and depcDds also uponthe clinical circumstances.

2. Atropine and anticholinergic drugs should not be administered as this causes a relative
increase of sympathetic nervous system adivity [26].

Anaesthesia.
1. Regional anaesthesia.

Surgery conducted under regional anaesthesia with adequate sedation causes mini
mal to no elevation of thyroid hormone activity, and is to be recommended where ap
propriate. Because of the increased cardiovascular sensitivity to catecholamines, and the
increased T4 release that they may c:ausc, caution should be used during administration of
any vasoconstrictor catechoJamines which also possess .8-adrenoreceptor activity.

2. General anaesthesia.
There are some factors which must be considered when general anaesthesia is re

quired.

a. Controlled ventilation is to be preferred as this guarantees tissue oxygenation in the
presence of increased oxygen consumption and poSSlble myopathic respiratory muscle
weakness.

b. The elimination rate of most anaesthetic drugs is most likely to be increased in direct
proportion to the elevation ofcardiac output This means that most drugs administered
will have a shorter duration of action than normal, and that while the same dosages of
any givendrugwill still be required, the dosage intervalwillbe shorter [see chapter 15.2].

c. Induction of anaesthesia should preferably be done with thiopentone, as the use of this
drug blunts any elevation of the plasma T4 concentration. But because of the increased
cardiac output in hyperthyroid patients, the induction dosage is increased, and the sleep
time is reduced, in proportion to the elevation of cardiac output [27]. Ketamine should
not be used as this causes an increase of sympathetic nervous system activity, and so in
theory may actually exacerbate hyperthyroidism.

d. The induction time with volatile anaesthetic agents is increased in direct proportion to
the elevation of cardiac output As the peripheral distnbution is rapid, the partial pres
sure of the gas in the central blood volume does not rise as rapidly as usual. The mini
mum alveolar concentration (MAC) of anaesthetic gases is relatively unaffected by
hyperthyroidism [28], but is increased in direct proportion to any elevation of body
temperature [29]. No volatile agent that elevates the plasma concentration of thyroid
hormones should be used [see above].

e. The significance of the muscle weakness in relation to muscle relaxant drug use is un
clear. On a practical level, significant muscle weakness, plus the effects of respiratory
depressant drugs, as well as the residual effects ofany muscle relaxant drugs, may cause
postoperative respiratory failure. Muscle relaxants should therefore be administered
only on clinical indication.Tubocurarine has much to recommend it as a muscle relaxant
drug for use in hyperthyroid patients, because of the ganglion blockade it induces with
clinically used dosages [see chapter 2.1].
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Postoperative.
Clinically hyperthyroid patients should all be sent to an intensive care unit for both

observation, and if required, effective management of any thyrotoxic crisis. Patients with
severe thyrotoxic myopathy may require mechanical ventilation.

THYROID "STORM" OR "CRISIS"
Thyroid "storm" or "crisis" is the name given to an acute potentially lethal severe ex

acerbation of thyrotoxic manifestations in an already hyperthyroid patient The precipitat
ing stimulus is often an infection, usually respiratory, anaesthesia, trauma, surgery, vigorous
palpation of a thyrotoxic gland, or acute withdrawal of antithyroid therapy [10,11]. There is
also some clinical evidence that it may be triggered by psychological stress too [11].

The mortality of this syndrome in the past when it was only treated with iodine was
about 60-70% [10]. This high mortality has been reduced to about 20% by current therapy
with propranolol, corticosteroids and antithyroid drugs [16].

Typically the manifestations begin about 5-18 hours after the initial stimulus and last
on average about 3 days [10], or until death occurs.

Diagnosis.
This is primarily a clinical diagnosis, based upon clinical suspicion of the likelihood

ofthe syndrome occurring, combinedwith the rapid onset ofthe symptoms ofprofusesweat
ing, tachycardia, and elevation of body temperature. A differentiation must be made be
tween this syndrome and that ofanaesthetic inducedmalignant hyperpyrexia. This differen
tiation is also clinical, based upon the possible presence ofa family history ofmalignant hy
perthermia, preoperativehyperthyroidism, and the presence orabsence ofmuscular rigidity
which occurs in 70% ofcases ofmalignant hyperpyrexia. Hthe patient has knownpreopera
tive hyperthyroidism, then exacerpation of thyrotoxic manifestations is by far the most like-
ly diagnosis. '

Management.
Management consists of general supportive measures and specific pharmacological

treatment to block the manifestations of hyperthyroidism, the secretion ofT4 and the con
version ofT4 to T3.

1. General and supportive management.
a. Terminate any operation as rapidly as possible.
b. Administer 100% oxygen. If the patient is under anaesthesia, mechanically ventilate the

patient.
c. Administer intravenous fluids to prevent dehydration and hypovolaemia. The best solu

tion to use for this purpose is a glucose-saline mixture, as fluid is lost by both increased
respiratory water loss (p\lre water), and by increased sweating (water and sodium chlor-
ide). .

d. The patient should be cooled. Remove all coverings from the patient. Apply ice packs to
both groins and axillae. Sponge the body with cold water.

2. Pharmacological treatment [16].
The pharmacological therapy of acute thyrotoxic manifestations essentially consists

of suppression of the manifestations of hyperthyroidism, so as to maintain life until an-
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tithyroid medication has reduced the plasma and tissue concentrations ofT4 and T3 to nor
mal.

a. Propranolol is the drug of choice, and rapid administration is life saving. The pulse rate
and other peripheral manifestations of thyrotoxicosis decrease within 2-10 minutes after
intravenous administration of propranolol. It should be administered at a rate of 1
mg/minute to a total dose of2-10 mg, oruntil the pulse rate decreases below 100 beats/min
ute. Subsequently an intravenous infusion of propranolol should be started at a rate of 1-3
mglhour to maintain B-adrenergic blockade. The mechanism ofits action is twofold, block
ade of B-adrenoreceptors, and a degree of inhIbition of the conversion ofT4to TJ.

b. Cortisol or hydrocortisone should be administered at a dosage of 100-200 mg every 8
hours. After the thyrotoxic symptoms have subsided, the dosage is gradually reduced. The
reason for the administration of cortisol is not so much that acute adrenocortical insuffic
iency may occur, but because of the effects of cortisol upon thyroid hormone homeos
tasis. Glucocorticoid hormones decrease the secretion rate of thyroid hormones, as well as
causing a degree of inhibition of conversion ofT4 to TJ.

c. Propylthiouracil should be administered orally or through a nasogastric tube at a dosage
of100-200 mgevery 8hours, and this dosage maintaineduntil remissionofbyperthyroidism,
or definitive treatment occurs. In addition to inhibiting T4 production by the thyroid gland,
propylthiouracil blocks the peripheral conversion of T4 to T3, a property not shared by
carbimazole or methimazole. The plasmaT3 concentration is reduced by 50% one day after
starting propylthiouracil administration at this dosage [NOTE: This corresponds well with
the TlI2e ofT3 = 24 hours].

d. No sooner than at least one hour after administration ofpropylthiouracil has been com
menced, 1 gm of sodium iodide should be administered every 8 hours for 7":10 days. This
further decreases T4 production.
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Chapter 7.3

HYPOTHYROIDISM

The manifestations of hypothyroidism are usually insidious in onset, and unless the
deficiency is gross, the manifestations are easily mistaken for many other disorders.

PROBLEMS
1. Mortality due to hypothyroidism.

The most extreme form of hypothyroidism is hypothyroid coma, which in the early
1960's was associated with a mortality rate of about 80%, mainly due to infection and cir
culatory collapse [26].

2. Hypothermia.
About 89% of hypothyroid patients complain of cold sensitivity [1]. This is due to a

reduced metabolic rate, as a result of which body temperature is less easily maintained
especially in cool environments or exposure such as occurs during under anaesthesia in a
cool operating theater [2].

Abody temperature below 32°Cis associated with an increasing chance ofatrial fibril
lation, while a body temperature below 30°C is associated with an increased chance of
ventricular fibrillation [24]. Below 30°Cthe level of consciousness is decreased, and below
26°Cmost humans are unconsciousness [19,24, see also table 8.1.2].

Under anaesthesia the body temperature often falls despite active measures taken to
maintain the temperature, and this is even more so in hypothyroid patients [2].

3. Fluid and electrolyte balance.
Hyponatraemia frequently occurs in hypothyroidism [4]. This is thought to be partly

due to impaired renal water excretion relative to sodium excretion [5].
In spite of the elevation of the total body and extracellular water volumes, the plas

ma volume is reduced 10-24% below normal [3].
Hypovolaemia contributes to the severe cardiovascular depression that can occur in

hypothyroid patients during induction of general anaesthesia [2, and see chapter 14.4]

4. Myopathy.
The most well known muscular manifestationofhypothyroidismis the delayed relaxa

tion of the deep tendon reflexes. About 90% ofhypothyroid patients complain ofmuscular
weakness, in addition to which, some patients complain of stiffness and aching of muscles
[1].

The above correlates well with the pathological changes. The stiffness most likely
being due to the known increased interstitial water content due to myxoedema. Slowing of
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muscular contraction speed is in agreement with the observation that type-II muscle fibers
are atrophied in hypothyroid patients [6]. Human muscle is composed ofvarious fiber types,
type-I which has a slow contraction velocity and predominantly aerobic metabolism, and
type-ll which has a greater contraction velocity and can function anaerobically for short
periods of time [7]. Atrophy of type-II fibers implies that the contractile speed of the
muscles so affected will decrease. The significance of the muscle weakness is uncertain as
regards the muscle relaxant drugs, but muscle weakness in combination with the residual
effects of muscle relaxant drugs, further exacerbated by the respiratory depressant effects
of anaesthetic drugs, may cause postoperative respiratory failure.

5. Cardiovascular problems.
Hypothyroidism is associated with major cardiovascular and haemodynamic alterati

ons. Cardiac output, and stroke volume are reduced [8], as is the myocardial contractility
[9], and the systemic vascular resistance is increased.

Myocardial cellular function is profoundly affected, a pericardial effusion is present
in 30% of patients, cardiomegally in 36%, and a low voltage ECG is present in 30%
[10]. There is also a high incidence of coronary vascular disease due to the frequent occur
rence of hypercholesterolaemia in hypothyroidism. As well as all the above, there are the
added problems of hypothermia induced arrhythmias, and a decreased blood volume.
Adrenoreceptor numbers and concentrations are also changed by hypothyroidism. Myocar
dial and peripheral vascular B-adrenoreceptorconcentrations are reduced as is the myocar
dial a-adrenoreceptor concentration [11].

There is a baroreceptor mediated elevation of sympathoadrenal activity in response
to reduced bloodvolume, and cardiac output.This explains the increased rate ofnoradrena
line synthesis and the elevation of plasma noradrenaline concentration observed in
hypothyroid patients [13]. The systemic vascular resistance is increased as a result of the
elevated plasma noradrenaline concentration and increased sympathetic nervous activity.

Anaesthetic drugs exacerbate the existing cardiovascular depression [see chapter 2.1],
and this together with the reduced catecholamine sensitivity, reduced response to sympath
etic baroreflexes, and areduced bloodvolume, make hypotension likely during anaesthesia.

6. Baroreceptor reflexes.
Baroreflex efficacy is reduced by hypothyroidism [14]. This is evidently not due to a

reduction of sympathoadrenal activity, as the noradrenaline synthesis rate and plasma con
centration are increased [13]. Reduction of efficacy ofbaroreflexes is evidently due to the
reduction ofthe adrenoreceptor concentrations. Because ofthese changes, hypotension oc
curs readily as a resultofadministration ofanaesthetic drugs, and intermittentpositive pres
sure ventilation [see also chapter 8.6].

7. Respiratory function.
Pulmonary function tests are unchanged by hypothyroidism, but respiratory respon

ses to both hypoxaemia and hypercapnia are depressed [15]. Actual respiratory failure due
to depression of the hypoxic and hypercapnic respiratory drives has only been descnbed to
occur when other disorders were also present, such as respiratory depressant anaesthetic
drugs, obesity, lung disease, or a decreased level of consciousness, etc [15].
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8. Adrenocortical function.
The cortisol response to hypoglycaemia, and possibly other stimuli, is depressed in

hypothyroid patients. But the response ofhypothyroidpatients to adrenocorticotrophic hor
mone (Acm) is normal [18].

Surgery, trauma and infection increase the requirement for corticosteroid hormones,
and their production increases. But patients whose adrenocortical response to these stimuli
is depressed by hypothyroidism may require perioperative corticosteroid hormone supple
ments.

9. Altered drug kinetics and dynamics.
A reduction ofcardiac output reduces renal and hepaticperfusion, as well as decreas

ing perfusion of other organs. In addition to this, the plasmavolume is also reduced. These
alterations profoundly affect the duration of action of any drug, as well as the dosage re
quired for a given effect. The effects of these changes are extensively discussed in chapter
15.2.

ASSESSMENT OF HYPOTHYROIDISM
The anaesthetist should always be aware of the possibility of the occurrence of

hypothyroidism, especially in persons who have ceased taking thyroid hormone replace
ment therapy, those with goiter, and those with unexplained hypercholesterolaemia or
hyponatraemia.

The severity of hypothyroidism is based upon clinical manifestations as well as
measurement of the thyroid hormone concentrations and is commonly classified as below
[17]. This classification has practical clinical significance as it may be used to determine the
relative anaesthetic and surgical risk.

1. Subclinical hypothyroidism.
The patients in this group have no clinical manifestations, have normal plasmaT4 and

T3 concentrations, but do have an elevated plasma thyroid stimulating hormone (TSH) con
centration. The risk of surgery and anaesthesia in this group ofpatients is the same as that
for normal patients undergoing the same operation.

2. Mild hypothyroidism.
This group consists ofpatients with mild symptoms who have plasma T3 and T4 con

centrations which are slightly below normal, and an elevated TSH concentration. Anaes
thesia and surgery in these patients carries only a slightly increased risk.

3. Overt hypothyroidism.
This is the full clinical syndrome of hypothyroidism with low plasma concentrations

of the thyroid hormones and an elevated TSH concentration. These patients have a high
mortality and morbidity if they undergo anaesthesia and surgery without preoperative cor
rection of their hypothyroidism.

The only exception to this rule are those hypothyroid patients with severe coexisting
coronaryvascular disease. It is recommended that these patients at first undergo acoronary
revascularization procedure prior to any administration of thyroid hormones. Increasing
the metabolic rateofthese patients byadministering thyroid hormones elevates the myocar
dial oxygen consumption. If there is severe coronary vascular disease, the coronary vessels
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may be too narrow to permit the increased blood flow required for increased cardiac out
put, and myocardial ischaemia, sometimes with fatal consequences can occur [22].

MANAGEMENT OF HYPOTHYROIDISM
Except in patients whose hypothyroidism is due to iodine deficiency, the only therapy

possible for hypothyroidism is regular substitution of the deficient thyroid hormones. Both
L-T4and/or L-T3 may be used. The pharmacokinetic properties of these two thyroid hor
mones are relevant to any discussion of substitution therapy [see table 7.3.2].

1. L-TrIIodothyronine.
T3 is the most active form of the thyroid hormones, T4 being much less active. The

normal oral dosage ofT3 is about 25 jLg once per day, which is in good agreement with the
kinetic data presented in table 7.3.1.

There are anumberofdisadvantages associated with its use for the purposes ofregular
substitution of thyroid hormone deficiency.

a. Because it is the active form of the thyroid hormones, a reduction of plasma concentra
tion below normal causes hypothyroidism within a short time.

b. Due to its relatively short pharmacokinetic elimination half life of 24 hours, even miss
ing one daily dose causes the plasma T3 concentration to fall significantly.

c. T3 is the most active form of the thyroid hormones, as well as being the most rapidly ac
tive form too. Once administered, its plasma and tissue concentration is only dependent
on the amount given. This means that an excessively large dose ofT3 is likely to have a
more toxic effect than an excessively large dose ofT4-

2. L-Thyroxine.
This is the preparation most commonly used for oral substitution of thyroid hormone

deficiency.The dosage most commonlyused for adults is about 100-150~ takenorally once
per day, which is in good agreement with the kinetic data in table 7.3.1.

When therapy is instituted with oral T4without an initial loading dose, it takes about
3-4 eliminationhalf lives before asteadystate plasma concentrationis achieved, in this case
about 3 weeks [see chapter 15.1 on pharmacokinetics]. Normal cardiac function [9], and
respiratory responses to hypercarbia as well as hypoxaemia [15], are restored by 2-4 weeks
after initiation of regular substitution of thyroid hormone deficiency with T4-

The use ofT4 is attended with a number of advantages.

a. The long pharmacokinetic elimination half life ofT4 means that the regular dosage may
be missed for a number ofdays before the plasma concentration falls significantly. Such
a drop of plasma T4 concentration has few consequences, as it is the product of T4
metabolism, T3 which is the active hormone. The conversion rate ofT4to T3 is regulated
such that the plasma T3 concentration can be maintained at normal levels despite a low
plasma concentration ofT4 [21].

b. Because the conversion ofT4 to T3 is regulated by the T3 plasma concentration, the plas
ma concentration ofT3 fluctuates much less during T4 substitution therapy than during
T3 substitution, and excessive plasma T3 concentrations do not often occur [21].
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3. Intravenous thyroid hormone replacement.
Intravenous thyroid hormone replacement is only recommended in situations where

the patient is unable to ingest oral medication, or in situations where the intestinal absorb
tion is likely to be minimal or very erratic. These two situations only occur in comatose, or
imminently comatose hypothyroid patients. The same principles are followed as with any
regular intravenous drug regime, first administer a loading dose, and subsequently all that
is required is a maintenance dosage [see chapter 15.1 on pharmacokinetics].

The intravenous dosages may readily be calculated from the kinetic parameters in
table 7.3.1.

T410ading dose = 780118, T4 maintenance dose = 861181day
'T310ading dose =50 118 , T3 maintenance dose =30 ~day
(' this loading dose may cause acute hyperthyroidism and sudden death)

Table 7.3.1.
Kinetic parameters and normal plasma concentrations ofT4 and T3
in adults [20].

HORMONE T1/2e Vd CI Normal plasma
(days) (liters) (i/day) concentration

(jl.g/l)

6.2
1

9.1
40

1.02
26.0

86
1.28

T1/28 = pharmacokinetic elimination half life.
Vd = pharmacokinetic volume of distribution.
CI = whole body clearance.

8. Thyroxine.
In practice, adminstration of500-750 118T4to an adult will replenish totally depleted

peripheral T4stores, and 100-200 118 per day is enough to replace the T410st by elimination
from the body [18] n takes at least a day before an increased plasma concentration ofT3 is
measurable after starting therapy with T4 [18J. This corresponds with the observation that
no increase of the basal metabolic rate is measurable until 1-2 days after acute intraven
ous T4administration in hypothyroid patients, and that the peak effect is not observed until
after about 10 days [18,23].
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b. Triiodothyronine.
Acute intravenous administration of 1 Jl.g of T3 to hypothyroid patients causes a

measurable increase ofpulse rate and temperature after about 4-6 hours, and the basal me
tabolic rate rises to normal by 24 hours, with a maximum effectby 1-2 days [23]. It is recom
mended that the initial intravenous dosage be only 1-5 118. The theoretically calculated load
ing dosage has been found in practice to be too high, as a sudden increase in myocardial
work may precipitate angina pectoris [22]. Death has been reported due to myocardial is
chaemia after a single intravenous dosage of 50 Jl.g ofT3 [26].

c. Corticosteroid hormones.
In addition to the administration of thyroid hormone(s), the comatose hypothyroid

patient, especially one coming for surgery, requires extra corticosteroid hormones. The
recommended dosage is 100-200 mg ofhydrocortisone or equivalent every 8 hours. This is
necessary because the adrenocortical response to many physiological stimuli is reduced in
hypothyroidism [18], while the requirement for corticosteroids is increased by surgery, and
all other types of injury.

ANAESTHETIC MANAGEMENT
Preoperative [25,26,2].
1. The hypothyroid patient rendered euthyroid with an adequate dosage of thyroid hor
mones has essentially the same risk of perioperative complications as a normal patient for
any given non-thyroid operation. It is the overtly hypothyroid patient who is at risk, [see
clinical classification of hypothyroidism in this chapter].

2. No hypothyroid patient should be accepted for anaesthesia and surgery for an elective
surgical procedure. Any such operation should be postponed for at least a month to allow
the effects of the thyroid hormone substitution to restore cardiacpulmonary, hormonal and
muscular function to normal, or near normal. An important exception to this rule is the
hypothyroid patient with severe coronary vascular disease. These patients may develop
lethal, or life threatening myocardial ischaemia if they are administered thyroid hormones
before coronary artery bypass grafting has been pedormed [22].

3. Ifa hypothyroid patient presents for emergency surgery, no time can be lost waiting for
euthyroidism to be restored. The most that canbe done is to administer corticosteroid sup
plements, and administer anaesthesia as described below. As regards the administration of
thyroid hormones, these are not effective in the short period of time that most operations
last, and so their administration may be left in the hands of an endocrinologist in the pos
toperative period. In fact if the patient also has coronary ischaemia as well as
hypothyroidism, the administration of thyroid hormones is dangerous [22].

4. Because ofthe much increased sensitivity to most drugs, as well as the chance ofincreased
depression ofan already compromised cardiopulmonarysystem, no sedative or opiate drugs
should be administered to hypothyroid patients prior to any operation.
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Anaesthesia [25,26,2].
During anaesthesia the two main problems are the respiratory and cardiovascular

changes induced by hypothyroidism.

1. Loco-regional anaesthesia.
Loco-regional anaesthetic techniques are to be preferredwhere possible. These cause

the least cardiopulmonary depression. Care should be taken with the administration of
spinal or epidural anaesthesia, as the depression of baroreflex efficacy may result in these
techniques causing profound hypotension which may be difficult to reverse with
catecholamines, due to the reduced responsiveness to these drugs.

2. General anaesthesia.
Administration ofgeneral anaesthesia to overtly hypothyroid patients is fraught with

hazard for the patient, mainly due to diminished cardiovascular reserves. There are some
aspects relating to the administration of general anaesthesia to hypothyroid patients that
deserve special mention.

a. Hypothyroidism depresses myocardial function, and reduces the efficacy of the
baroreflexes. Severe and potentially lethal changes of haemodynamic status may not
manifest as clearly as with euthyroid patients. A pulmonary artery catheter for measure
ment of cardiac output, systemic vascular resistance, and pulmonary arterial as well as
pulmonary arterial wedge pressure is essential, so that replacement of blood volume
deficits, as well as administration of inotropic drugs is able to be more effectively
managed. Indirect blood pressure measurement techniques are inaccurate in the
presence of vasoconstriction which is a feature of hypothyroidism. Direct intra-arterial
blood pressure measurement is required to overcome this problem.

b. Controlled ventilation is necessary because of the decreased responsiveness to
hypoxaemia and hypercarbia, plus muscle weakness due to hypothyroidism, plus the ef
fects of general anaesthetic drugs, which further reduces both the hypoxic and hyper
carbic responses.

c. The reduced basal metabolic rate as well as cardiac output mean that carbon dioxide
production is reduced. End-tidal capnography or regular arterial blood gas sampling are
required, so that the respiratory minute volume may be adjusted to minimize the ten
dency to extreme hypocarbia.

d. Induction of anaesthesia should be done with drugs causing minimal cardiovascular
depression [see chapter 2.1]. Ofthe drugs available, ketamine is the drug ofchoice, with
etomidate the drug of second choice.

e. All volatile anaestheticdrugs cause myocardial depression, and should not be used ifpos
sible [see chapter 2.1].

f. Opiates as well as muscle relaxant drugs normally cause minimal haemodynamic depres
sion, and may be used as usual. The only exceptions are tubocurarine, and metocurine.
These exert aganglion blocking effect in clinically used dosages, and may cause hypoten
sion [see chapter 2.1].

3. Glucocorticoid drugs should be administered as the adrenal cortical responsiveness is
diminished in hypothyroidism, and surgery may precipitate acute hypoadrenocort
icism. Administer 100 mg hydrocortisone every 6hours. Postoperatively use the periopera
tive corticosteroid supplementation regime in table 7.5.1.
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Postoperative.
1. Postoperatively the patient should be admitted to an intensive care until normal body
temperature and haemodynamics have returned.

2. Patients with excessive muscle weakness, or respiratorydepression, may require mechan
ical ventilation until full muscle strength and normal respiratory control have returned.
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Chapter 7.4

HYPERADRENOCORTICISM

The syndrome ofhyperadrenocorticism is produced bysynthesis of, or exogenous ad
ministration of corticosteroids in excess of physiological requirements. Another name for
this syndrome is "Cushing's syndrome", although this may really only be applied due to hy
peradrenocorticism due to an adrenocorticotropic hormone secreting pituitary adenoma.

Hyperadrenocorticism may be due to one of two causes.

1. Increased glucocorticoid production.
The basal production of cortisol by the average adult is about 20 mg/day. Glucocor

ticoid poduction rate is increased by physiological stress, or an increased metabolic rate
[1]. Increased adrenocortical glucocorticoid production may also be due to aprimary tumor
of the adrenal cortex, ACIH secreting adenomas of the pituitary, etc.

2. Glucocorticoid administration.
Ha daily dosage ofmore than 20 mg hydrocortisone (cortisol), or anequivalent dosage

ofanother glucocorticoid hormone is administered, the manifestations ofhyperadrenocor
ticism will occur, as the amount ofglucocorticoid is in excess ofrequirements. The severity
of the manifestations are directly related to the daily glucocorticoid dosage. The relative
potencies of the various glucocorticoid preparations available are listed in table 7.4.1.

PROBLEMS DUE TO HYPERADRENOCORTICISM
The problems due to hyperadrenocorticism may manifest within hours after induct

ion of this metabolic condition, e.g. by administration ofglucocorticoids [10].
Cushing's syndrome as described in the medical texts onlymanifests after some weeks

or months of hyperadrenocorticism. The manifestations typically consist of wasting of the
arms and legs, increased fat deposition on the trunk, face and neck, muscle weakness, os
teoporosis, hypertension, hyperglycaemia, and atrophic thin skin with striae.

1. Hyperglycaemla.
A diabetic glucose tolerance curve is observed in 90% of patients with hyper

adrenocorticism [2]. This is due to a number of factors.
Peripheral tissue uptake ofglucose is inhibited, and livergluconeogenesis is increased

by glucocorticoid hormones. This is further exacerbated by inhibition ofmuscle, bone and
connective tissue protein synthesis. As a result of decreased protein synthesis more amino
acids are available for gluconeogenesis [3, page 1255].
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Table 7.4.1.
Relative potencies of glucocorticoid hormones. (Data derived
from [2].)

GLUCOCORTICOID
HORMONE

POTENCY RELATIVE TO
HYDROCORTISONE

Cortisone 0.8
HYDROCORTISONE (Cortisol) 1
Prednisone 4
Prednisolone 4
Methylprednisolone 5
Triamcinolone 5
Paramethasone 10
Beclomethasone 25
Dexamethasone 27
Betamethasone 33

2. Skeletal muscle weakness.
Most patients have skeletal muscle weakness, particularly of the quadriceps muscles

[2].
Cortisol inhibits protein synthesis in skeletal muscle [3, page 1255]. This causes wast

ing of skeletal muscle. In addition, to this, skeletal muscle uptake of glucose is
decreased. These two factors combine to diminish the amount of muscle, and to diminish
the substrate supply to skeletal muscle. Both factors maycause the muscleweakness observ
ed.

The relevance ofhyperadrenocorticisminduced muscle weakness to anaestheticprac
tice is uncertain. Nondepolarizing muscle relaxant effects are unchanged 30 minutes after
acute injection of high dosages of glucocorticoid hormones, and there is evidence sugges
tive of actual antagonism of nondepolarizing muscle relaxant drugs by glucocorticoid hor
mones, in that both synthesis and release of acetylcholine are enhanced by glucocorticoid
drugs [8]. For practical purposes all that may be said is that if muscle weakness is present,
then muscle relaxant drugs should be used with caution as they are likely to have a greater
effect than usual.

3. Fluid and electrolyte disturbances.
Corticosteroid hormones cause renal retention of sodium ion, and bicarbonate ion,

while potassium and chloride are excreted in increased quantities. Because renal sodium
excretion is decreased, water is retained, and the extracellular fluid volume increases.
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4. Cardiovascular problems.
Chronic hyperadrenocorticism reduces the cardiac B-adrenoreceptor concentration

[9], while the sensitivity of at least the non-cardiac B-adrenoreceptors is enhanced by
glucocorticoid hormones [10].

The net effect of increased peripheral vascular adrenoreceptor sensitivity to catechol
amines, and the increased extracellular fluid volume, is that hypertension is common in per
sons with chronic hyperadrenocorticism.

5. Wound strength.
Glucocorticoid hormones affect wound healing by retarding wound contraction and

epithelialization [4]. Tensile strength of wounds is also decreased as a result of excessive
glucocorticoid hormone administration [2]. The mechanism of these effects is not clear as
glucocorticoid hormones injected into human scar and keloid tissue do not depress the rate
of collagen synthesis. This is only depressed by massive doses of glucocorticoid hormones
[4]. But injection ofglucocorticoid hormones into wound tissue does reduce scar and keloid
size, as well as making these tissues softer. A part explanation for these observations may
be that the collagen content in scar or keloid tissue is reduced due to increased collagen
breakdown, caused by increased tissue collagenase activity induced by glucocorticoid hor
mones [4].

6. Wound, and other Infections.
The incidence of both secondary and opportunistic infections is greatly increased in

patients with hyperadrenocorticism [2,4]. The surgical wound infection rate in patients
taking more than 40 mg of hydrocortisone per day, or equivalent, is at least twice that of
patients without hyperadrenocorticism [2,5].

7. Gastrointestinal ulceration [2].
Gastrointestinal ulceration associated with corticosteroid administration has been

described as occurring from the oesophagus to the colon. Patients with rheumatoid arthritis
who have received glucocorticoid hormones for a month or more, have been reported to
have a frequency of gastroduodenal ulceration of 10-30%. Pain due to corticosteroid in
duced ulceration is reported as being less in intensity than that due to ulceration induced
by causes other than corticosteroid drugs. This latter is probably due to the well known anti
inflammatory effect of these hormones.

Stressful surgery or trauma can both induce gastroduodenal ulceration. Acute or
chronic administration of glucocorticoids only serves to exacerbate this problem.

PREOPERATIVE ASSESSMENT
The known problems associated with hyperadrenocorticism must be looked for, and

as indicated, treated. Particular points to carefully assess are listed below.

1. The presence of any infection in a patient with hyperadrenocorticism is a relative con
traindication to any elective surgery, as immune response is already depressed by hyper
adrenocorticism, in addition to which surgery is also known to depress immune responses
[6].

2. Hypertension should managed according to the guidelines in chapter 2.6.
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3. Hyperglycaemia should be managed as for diabetes mellitus [see chapter 7.1].

4. Electrolyte disorders, particularly hypokalaemia, should be corrected prior to any elec
tive surgery.

5. Either antacids or cimetidine should be administered perioperatively to reduce the
chance of perioperative peptic ulceration.

ANAESTHETIC MANAGEMENT
Preoperative.
1. There is no absolute contraindication to the administration ofanaesthesia to any patient
with hyperadrenocorticism, unless it is any of the associated medical problems which is out
of control.

2. There is no absolute contraindication to the administration of any drug. Any drugs for
premedication may be administered according to the preferences of the anaesthetist and
the requirements imposed by various associated disorders.

Anaesthesia.
1. No particular anaesthetic technique can be recommended. Any technique that is used
should be adjusted according to the associated medical problems, i.e. hyperglycaemia, hy
pertension etc.

2. Ifgeneral anaesthesia is to be used, a technique employing controlled ventilation is ad
visable in the presence of excessive body weight, abnormal thoracic anatomy, and skeletal
muscle weakness. Some caution should be employed with neuromuscular blocking drugs if
the patient has significant muscle weakness.

Postoperative.
1. Because of the numerous associated medical problems, and potential postoperative
medical and surgical problems, it is advisable that patients with significant hyper
adrenocorticism be admitted to an intensive care unit postoperatively.

2. Those patients with thoracic abnormalities, significant obesity, or severe muscle weak
ness may require mechanical ventilation postoperatively, especially when the surgery was
in the thorax or upper abdomen. These latter two locations are associated with a greater
degree of postoperative hypoxaemia than limb or lower abdominal surgery [7].

3. Patients undergoing bilateral adrenalectomy or hypophysectomy for treatment of hyper
adrenocorticism should receive supplemental corticosteroids, beginning intraoperatively
[see table 75.1].
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Chapter 7.5

HYPOADRENOCORTICISM

Glucocorticoid hormones are facilitatory hormones which are required for normal
function ofother hormones, e.g. catecholamines, antidiuretic hormone etc. For this reason,
deficiency of glucocorticoid hormones, or hypoadrenocorticism, is associated with abnor
mal function of multiple organ systems.

PROBLEMS DUE TO HYPOADRENOCORnCISM
1. Mortality and morbidity.

Prior to the advent of glucocorticoid substitution therapy, the mortality of surgical
procedures carried out on patients with Addison's disease was about 78% [4J. Glucocor
ticoid substitution therapy has brought about a dramatic reduction of mortality.

Hypotension and shock have been reported to occur after operations in patients
whose long term glucocorticoid supplementation was abruptly stopped prior to
surgery. However this does not invariably occur, and in fact has not been reported to occur
at all in more recent investigations [6,3]. This raises the possibility that any such hypoten
sion observed in early series was more likely to have been due to hypovolaemia than any
other cause.

2. Fluid and electrolyte problems.
Renal tubular sodium ion resorbtion is decreased and hyponatraemia is observed in

about 88%, while potassium excretion is decreased causing hyperkalaemia in about 64% of
patients with hypoadrenocorticism [14J.

Water excretion is increased, which together with a reduction of total body sodium
content reduces the extracellular fluid volume (ECFV), and also the plasmavolume. Inex
perimental animals the plasmavolume may be reduced as much as 30%, and blood volume
may be 17% below normal volumes [8J.

3. Hypoglycaemla.
Hypoglycaemia occurs in about 50% of patients with adrenal cortical insufficiency

[14J.
Hepatic and muscle glycogen stores are reduced and hepatic gluconeogenesis is

decreased, both ofwhich combine to reduce hepaticglucose production [12 page 1255J. Be
cause glucose production is lower than normal, the insulin requirement is reduced, which
means that the hypoglycaemic effect of a given dose, or quantity, of insulin is enhanced.
This accounts for the increased insulin sensitivity which occurs in these patients.
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Reduced muscle and hepatic glucose production reduce tissue glucose supplies,
making hypoglycaemia likely during a period of fasting. Patients with adrenal cortical in
sufficiency should never be permitted to undergo prolonged preoperative fasting without
an intravenous infusion of a glucose solution.

4. Cardiovascular problems.
About 88% of patients with adrenal cortical insufficiency are hypotensive [14].

Deficiency of glucocorticoid hormones reduces both myocardial contractility and cardiac
output [8], as well as depressing vascular responses to catecholamines [8,9,10,11].

Glucocorticoid hormones are required for the action of the catecholamines. Hypo
adrenocorticism is associated with reduced myocardial responsiveness to catecholamines,
despite an increased concentration ofmyocardial B-adrenoreceptors [15]. This is in part ex
plained by two factors.

a. Glucocorticoids enhance the vascular response to catecholamines either by blocking
catechol-Q-methyltransferase, or by enhancing receptor affinity to catecholamines [17].

b. Cortisol is required for adrenal medullary synthesis ofadrenaline. Hypoadrenocorticism
is associated with a reduced plasma concentration of adrenaline, as cortisol deficiency
reduces phenylethanolamine-N-methyltransferase activity, so inlnbiting conversion of
noradrenaline to adrenaline [16]. This may increase B-adrenoreceptor numbers.

Despite reduced vascular sensitivity to catecholamines, the systemic vascular resis
tance is increased in adrenal cortical insufficiency [8]. This is possibly due increased
baroreflex activity secondary to a reduction of cardiac output and blood pressure.

5. Muscular weakness.
Muscular weakness and easy fatigability are observed in all patients with adrenocor

tical insufficiency, while muscle pains occur in 13% [14]. There is no single cause of the
muscle weakness. Some possible causes are listed below.

a. Insufficient available glucose in muscle fibers due to the reduced muscle glycogen con
tent.

b. Decreased hepatic glucose production which reduces glucose supply to muscle fibers.
c. Skeletal muscle protein synthesis is decreased, reducing the mass of functioning muscle

tissue.

The significance ofthe muscle weakness in relation to the use ofneuromuscular junc
tion blocking drugs uncertain. In general it is better to avoid administering any drugs which
will increase muscle weakness in patients whose skeletal muscles are already weakened.
Residual curarization, plus reduction of hypoxic and hypercarbic respiratory drives by
anaesthetic drugs, may be just enough to cause respiratory failure in such patients.

6. Pharrnacoklnetlc changes.
These are likely, due to the reduced cardiac output and ECFV [see chapter 15.2].

These changes explain the increased sensitivity ofpatientswith hypoadrenocorticism to the
cardiovascular depressant and sedative effects of anaesthetic drugs.
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EFFECTS OF TRAUMA, SURGERY ON ADRENAL CORTICAL FUNCTION
Trauma, surgery, infection and physical exertion all increase adrenal cortical produc

tion and secretion of glucocorticoid hormones. The amount secreted varies according to
the degree of physiological stress.

1. Basal cortisol secretion rate in adults is about 20 mg per day [2].

2. Minor surgery, e.g. inguinal herniorrhaphy, cataract extraction etc, causes the cortisol
secretion rate to be elevated transiently for 24 hours to about 50-65 mg per day [5].

3. Major surgery, e.g. major abdominal, orthopedic, thoracic operations, causes the cortisol
secretion rate to be elevated for 1.5-3 days to about 75-250 mg per day [2,5].

PERIOPERATIVE GLUCOCORTICOID SUPPLEMENTATION
During the perioperative period, and during times of physiological stress, the

glucocorticoid requirement of the body is increased. Patients whose pituitary or adrenocor
tical response to surgical stress is insufficient are unable to produce the quantities of
glucocorticoid hormones required, and a degree of hypoadrenocorticism with all its conse
quences occurs. To prevent this occurring such patients should receive perioperative
glucocorticoid supplementation.The categories ofpatients requiringsuch supplementation
are listed below.

1. Those with failure of pituitary secretion of ACfH.

2. Those with primary adrenocortical failure.

3. Patients who are regularly administered drugs suppressing glucocorticoid synthesis such
as metapyrone or an etomidate infusion. Etomidate even significantly suppresses glucocor
ticoid synthesis even after a single intravenous dose such as used for induction of anaesth
esia [1].

4. The daily basal cortisol production is about 20 mg per day [2]. Administration of ex
ogenous glucocorticoids at daily dosages greater than this causes suppression of adrenocor
tical glucocorticoid synthesis [2]. Pituitary-adrenocortical dysfunction occurs after one
month of such therapy, and manifests as loss, or blunting of the normal elevation of
glucocorticoid hormone plasma concentrations in response to surgery [3]. Return of nor
mal pituitary and adrenocortical function after discontinuation of chronic suppressant
dosages of glucocorticoid hormones takes up to nine months [2].

Glucocorticoid supplementation is therefore required in all patients who have
stopped taking regular glucocorticoid hormone drugs within 9 months of the planned sur
gical procedure, where the daily dose was equivalent to more than 20 mg of hydrocortisone
per day, and the glucocorticoid was taken for at least one month [2].

5. Patients receiving long term glucocorticoid supplementation.
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PERIOPERATIVE GLUCOCORTICOID SUPPLEMENTATION REGIMES
Various schemes have been proposed for perioperative glucocorticoid supplemen

tation. These are shown in table 7.5.1.

ANAESTHETIC MANAGEMENT
The discussion that follows deals only with patients who are diagnosed or suspected

of having adrenocortical insufficiency, but whose surgery cannot be delayed for adequate
investigation and preoperative treatment. Patients with adrenocortical insufficiency who
receive adequate glucocorticoid replacement therapy have almost the same mortality and
morbidity as any normal person undergoing the same operation.

Preoperative.
1. No patient with hypoadrenocorticism should be permitted to undergo elective anaes
thesia and surgerywithout adequate preoperative glucocorticoid supplementation and res
toration of the circulating blood volume. The mortality associated with anaesthesia and
surgery is about 78% in untreated patients [4].

2. No sedative or opiate drugs should be administered preoperatively, as the patient may
be abnormally sensitive to the haemodynamic and central nervous system depressant ef
fects of these drugs.

3. The first priority is to administer a glucocorticoid hormone. The most rapidly effective
is hydrocortisone administered intravenously, an effect being observed within an hour. But
even glucocorticoids such as prednisolone [18], and methylprednisolone [7], may be used
as they also have a measurable effect within 60 minutes after intravenous administration.

An appropriate dosage ofhydrocortisone is about 100 mg administered intravenously
every 6-8 hours [2], followed up postoperatively with regular supplementation.

4. Plasma glucose concentration should be measured regularly in the perioperative period.
Hypoglycaemia may be prevented with an intravenous infusion of a glucose solution.

5. Measure the plasma electrolyte concentrations regularly in the perioperative period and
treat hyperkalaemia.

Anaesthesia.
1. Intensive haemodynamic monitoring should be used to assist management of the
haemodynamic problems due to the combination of hypovolaemia, decreased cardiac out
put secondary to negative inotropy and hypovolaemia, as well as the increased systemicvas
cular resistance.

A pulmonary artery catheter, arterial line, as well as an urinary catheter should be in
serted. If a pulmonary artery catheter is not available, then minjmal monitoring consists of
central venous pressure monitoring and a urinary catheter for urinary output measurem
ent.

2. Regional anaesthetic techniques such as spinal or epidural anaesthesia are relatively con
traindicated because ofthe haemodynamicproblems. Other loco-regional anaesthetic tech
niques are not contraindicated.
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Table 7.5.1.
GLUCOCORTICOID SUPPLEMENTATION REGIMES

MINOR SURGERY
(e.g. uterine curettage, inguinal hernia etc) [5]

Morning of operation

Induction of anaesthesia

Postoperative

Usual glucocorticoid therapy.

25 mg hydrocortisone or equivalent tv.
at Induction.

Normal glucocorticoid supplementation.
If oral drug Ingestion Is Impossible,
then use regime for major surgery.

MAJOR SURGERY [5,6J.

Morning of operation

Induction of anaesthesia

Postoperative

Usual glucocorticoid therapy.

2S mg hydrocortisone or equivalent I.v.
at Induction.

100 mg hydrocortisone or equivalent
tv. or I.m. per 24 hours until oral
drug Ingestion Is again possible
Thereafter the normal glucocorticoid
regime should be recommenced.

HIGH DOSE REGIME
(An alternative to the above scheme)

Perloperatlve
day number

I.v. Infusion
(Hydrocortisone)

I.M. Cortisone acetate
Morning Afternoon

o
1
2
3

200mg
1SOmg
100mg
SOmg

100mg
50mg
SOmg
50mg

SOmg
50mg
SOmg

The patient's usual glucocorticoid regime may be resumed on the
fourth postoperative day.
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3. General anaesthesia using controlled ventilation is to be preferred for most opera
tions. This guarantees adequate oxygenation in the face ofpossible muscle weakness and a
reduced cardiac output. In addition, the depth of anaesthesia may be rapidly varied at
will. No recommendations can be made as to the particular drugs to use, except to recom
mend that drugs known to cause significant cardiovascular depression should be avoided
see chapter 2.1].

4. Inotropic and vasodilator drugs may be required to maintain cardiac output and arterial
blood pressure until normovolaemia is restored, and the hydrocortisone increases the car
diac output.

Postoperative.
Patients who were glucocorticoid deficient at the time ofoperation, are still in a criti

cal condition postoperatively. They should be admitted to an intensive care unit for further
management of their problems until physiological stability has returned.
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PartS

NEUROLOGICAL DISORDERS

The prime function of the anaesthetist is to block the functioning of the central nerv
ous system, or the peripheral nervous system, or both, so as to make surgery possible. In
order that this may be done with minimum chance of damaging the patient, there are two
aspects of nervous system function relevant to anaesthesia which must be considered.

1. Anaesthetic management in general, and anaesthetic management of patients with dis
orders of the nervous system in particular, is made simpler by a sound knowledge of the
ohysiologicallimits within which normal central nervous system function is maintained.

2. Some patients may have neurological disorders which maybe exacerbated by anaesthesia
or surgery, or affect the surgical or anaesthetic management of the patient
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Chapter 8.1

CEREBRAL FUNCTION & ABNORMAL PHYSIOLOGY

Knowledge of the physiological extremes within which consciousness and normal
cerebral function are maintained is ofvital importance to the practicing anaesthetist.

The maintenance of normal cerebral function is dependent on a large number of
physiological variables. The discussion below focusses on each of the principal variables in·
dividually, and the threshold for normal cerebral function is given for that variable alone.
Some patients will have abnormalities of more than one of these variables. In such situat
ions, lesser degrees ofabnormality ofeach individual variable combine to induce abnormal
cerebral function

All studies cited and values given below are from human studies unless otherwise
stated.

CEREBRALBLOODFLOW(CB~

The normal CBF in humans is 54 mls/100 gms/minute. Symptoms and manifestations
of cerebral ischaemia, including diminished level of consciousness, occur in conscious
humans when the CBF falls below 31 mls/100 gmsIminute [23]. Cortical electrical function
as shown by the electroencephalogram is abolished when the CBF is about 11-19 mls/100
gmsIminute [1]. Total cessation of CBF as occurs after acute bilateral carotid artery oc
clusion, or due to circulatory arrest, causes loss of consciousness in humans by 6-7 seconds,
and permanent brain damage when prolonged more than 3 minutes [24]. The influence of
CBF on cerebral function is discussed in more detail in chapter 2.7 on hypotension.

BLOOD PRESSURE
CBF is not measured routinely in current clinical practice, and any clinical decision

as to the adequacy of the CBF is based on the level of consciousness and the arterial blood
pressure. CBF is a function of the cerebral perfusion pressure (CPP), which may be calcu
lated approximately using equation 1 below. The CBF is normally autoregulated in the
MABP range of 60 to 130-150 mmHg in adults.

CPP =MABP ·ICP .........(1)

ICP = mean intracranial pressure, assuming that the ICP is slightly less than, or equal to,
the intracranial venous pressure (normal ICP =5-13 mmHg).
MABP = mean arterial blood pressure, which can be measured, or calculated using the
equation in table 2.0.1.
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1. Hypertension.
The effect of hypertension is to increase cerebral blood flow, especially when the

blood pressure rises above the upper autoregulation limit. Once this limit is exceeded, the
constrictor response to increasing blood pressure is lost, and the CBP as well as cerebral
capillary pressures are directly proportional to the blood pressure. A consequence of in
creased cerebral capillary pressures is that the flow of water from the capillaries into the
cerebral interstitium is increased [see chapter 14.1]. The capillary endothelium is also ex
posed to elevated intravascular pressures, which if high enough will damage the cerebral
capillary endothelium, causingplasma to leakinto the interstitium [3,6]. Interstitial oedema
may occur due to the first effect, and certainly will occur as a result of damaged capillary
endothelium. Acute hypertensive encephalopathy is due to cerebral oedema caused by
either of these two mechanisms [see also chapter 2.6 on hypertension].

CBPinnormotensive adults is normally autoregulated in the pressure range 60 to 130
150 mmHg. The CBF in chronically hypertensive adults may have an upper autoregulation
limit which is higher [2,4].

An MABP of 130-150 mmHg, the upper autoregulation limit, may be considered a
safe maximum blood pressure in normotensive persons.

2. Hypotension.
IT the MABP is lower than the lower CBF autoregulation limit, the cerebral blood

vessels are maximally dilated, and the CBF is directly proportional to the CPP. Clinical ex
perience with patients undergoing hypotensive anaesthesia has shown that the chance of
cerebral damage increases if the systolic blood pressure is lower than 80 mmHg [5]. More
exact investigations carried out on awake human volunteers have shown that the MABP at
which clinical manifestations of cerebral ischaemia become increasingly likely is directly
related to the resting MABP prior to any hypotensive episode [23]. This threshold MABP,
or "safe" MABP is given by equation2below[see also chapter 2.7 onhypotensionfor a more
detailed discussion, and fig 2.7.2].

Resting MABP
"Safe MABP"(mmHg) = 20 + ......(2)

2

ARTERIAL OXYGEN PARTIAL PRESSURE (Pa02)
1. Hypoxaemla.

It has been found that CBF remains relatively constantwith decreasing Pa02until the
Pa02 drops below 6.7 kPa (50 mmHg), below which the CBP increases with decreasing
Pa02[18].

The level of consciousness is directly related to the degree of hypoxaemia [see also
table 13.2.1]. The lowest Pa02 compatible with consciousness in chronically hypoxaemic,
hypercarbic patients is 2.7-3.3 kPa (20-25 mmHg) [8]. Unconsciousness occurs in normal
persons when the Pa02 is acutely reduced below 3.3-4 kPa (25-30 mmHg) [9,10]. Slowing
of the BEG due to cerebral hypoxia occurs when the cerebral venous P02 falls below 2.8
kPa (21 mmHg) [13], but this level ofhypoxia does not appear to cause permanent cerebral
damage in persons with a normal haemoglobin and cardiac output [also see chapter 132].
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2. Hyperoxaemla.
Increasing the Pa02 above normal does not significantly alter the CBF. If the Pa02 is

80 kPa (600 mmHg) the CBF only decreases by about 13% below that at a normal Pa02
[16]. No alteration of consciousness occurs with increasing PaOb

Table 8.1.1.
PHYSIOLOGICAL LIMITS OF NORMAL CEREBRAL FUNCTION

Patients who have values of these parameters above or below these threshold
values are likely to have a decreased level of consciousness, or are at increased
risk of developing brain damage.

PARAMETER MINIMUM VALUE MAXIMUM VALUE

CBF 30 mls/100 gms/min none

MABP (normaIICP) 20 + «Resting MABP)/2) 130-150 mmHg

Pa02 4 kPa (30 mmHg) ?

PaC02 (normaIICP) 4 kPa (30 mmHg) 10 kPa (75 mmHg)

pH (ofCSF) 7.25 7.47

Plasma glucose 1.7 mmol/l 33 mmol/l
concentration (30 mg/1oo ml) (600 mg/1oo ml)

Plasma [Na] 125 mmolll 150 mmolll

Plasma osmolality 265 mosm/kg 320 mosmlkg

Temperature 26-30°C 41°C

ARTERIAL CARBON DIOXIDE PARTIAL PRESSURE (PaC02)
CBFvaries indirectproportion to any change ofPacen[see figure 8.1.1]. Acute eleva

tion of the Paeen causes vasodilation, and an acute reduction of the PaC02 causes
cerebrovascular vasoconstriction. In the Paeen range of 2.7-6.7 kPa (20-50 mmHg), the
CBF increases about 1ml/l00 gmsIminute per 1mmHg increase ofPaC02. and above this
PaCen. the increase is no longer linear [16]. Maximal vasodilation in response to acute
elevation of Pacen occurs at a PaCCh of 10.7-16 kPa (80-120 mmHg) [17]. Maximal
vasoconstriction in response to an acute reduction of the PaCCh occurs at a Paeen of 2.7
kPa (20 mmHg) [12].
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FIGURE 8.1.1.• The relationship between the cerebral blood flow and the P.C02 is shown
for healthy conscious young men in the p.C02 rugc 2.9-8 kPa [11,16).

1. Hypercarbla.
Extreme hypercarbia causes loss of consciousness, ("carbon dioxide narcosis"). The

threshold ofunconsciousness for chronically hypercarbic persons is a PaC02 above 10 kPa
(75 mmHg) [8]. This does not mean that all persons are unconscious at this PaC02, but that
the percentage ofpersons that are unconscious increases in direct proportion to the PaC02
above a PaC02 greater than 10 kPa (75 mmHg).

2. Hypocarbla.
Healthy young volunteers who actively hyperventilated, or were passively hyperve

ntilated, experienced symptoms ranging from carpopedal spasm, clouded consciousness, to
unconsciousness when the PaC02 was 4.1 kPa (31 mmHg), or lower [11]. If acute hyper
ventilation reduces the PaC02 below 4.16 kPa (312 mmHg), slowing of the BEG occurs
[13]. This is possibly due to cerebral hypoxia secondary to cerebral vasoconstriction. If the
PaC02 acutely falls below 2.7 kPa (20 mmHg), increased cerebrallaetate production oc
curs, either due to increased lactate production secondary to the acute respiratory alkalosis
[see chapter 13.3], or due to anaerobic brain metabolism caused by cerebral vasoconstrict
ion [14,15].
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During anaesthesia with controlled ventilation. the CBF is directly related to the
arterial pan [25], the relationship being described by the regression equation below.

OR
CBF(mls/100 gms/mln) =0.87 x PaC02(mmHg) + 4.5 (3)

CBF(mls/100 gms/mln) =6.53 x PaC02(kPa) + 4.5 (3)

ACID BASE BALANCE
1. Acute plasma pH changes.

The CBF increaseswith decreasingarterial pH. It increases 9mls/l00gms/minute per
0.1 reduction of the pH during respiratory acidosis in the pH range of7.4-7.3. During acute
respiratory alkalosis the CBF decreases 1ml/l00 gmsIminute per 0.1 increase ofpH in the
pH range 7.4-7.6 [16].

Unconsciousness may occur during acute respiratory alkalosis when the PaC02 is
lower than 4.1 kPa [see above].

2. Chronic changes of cerebrospinal fluid pH.
Chronic changes ofthe cerebrospinal fluid (CSF) pH may also be associated with dis

ordered consciousness. The level ofconsciousness then correlates betterwith the pH ofthe
CSF, and NOT with that of the plasma [19]. Drowsiness or stupor occur when the CSF pH
falls to 7.25 and lower, and coma occurs at lower pH levels [19,20].

A reduced level of consciousness is likely when the CSF pH is chronically elevated
above 7.47 [20].

PLASMA SODIUM CONCENTRATION
If the plasma sodium concentration rises above 150 mmoJl1, or falls below 125 mmolll

within a 24 hour time period, an extracellular fluid osmolality related reduction ofthe level
of consciousness occurs, [see chapter 12.1 on hyponatraemia and 12.2 on hypematraemia
for a detailed discussion].

PLASMA GLUCOSE CONCENTRATION
Hypoglycaemic coma occurs when the plasmaglucose concentration is lowerthan 1.4

1.7 mmolll (25-30 mg/l00ml), and hyperosmolar hyperglycaemic coma occurs when the
plasma glucose rises above 33 mmolll (600 mg/100ml) [see chapter on 7.1 on diabetes mel
litus].

PLASMA OSMOLALITY
Plasma osmolality normally varies between 280-300 mosm/kg. Hyperosmolar coma

occurs when the plasma osmolality is >320 mosm/kg [see chapter 12.2 on hypernatraemia,
as well as chapter 7.1 on diabetes mellitus].

An altered level of consciousness is likely when the plasma osmolality falls acutely
below 265 mosmlkg [see chapter 12.1 on hyponatraemia].
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TEMPERATURE
Extremes of body temperature will alter the level of consciousness as well as body

function. Table 8.1.2 shows the relationship of the level of consciousness to the body
temperature.

Table 8.1.2.
Relationship ofthe level ofconsciousness to body temperature inhumans.

26°C Most persons are unconscious [21,22,27]

30°C Threshold for reduced level of consciousness [21,22,27]

37°C NORMAL

3g0C Threshold for occurrence of delirium [28]

41°C Level of consciousness is reduced [26]

> 42°C Death Is likely [26]
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Chapter 8.2

CLASSIFICATION OF LEVEL OF CONSCIOUSNESS

A system of classification of the level of consciousness that is relatively observer in
dependent is of great clinical utility in following the progression of neurological diseases
where the level of consciousness is impaired. Two systems are in common clinical use.

1. SUBJECTIVE ASSESSMENT
One commonly employed classification of the level of consciousness is set out below

[1, pages 114-115].

I. Conscious.
The patient is normally conscious and oriented, as well as having normal spontaneous

speech, intellectual activity and movement.

II. Drowsy/Confused.
The patient is inattentive, may not manifest any spontaneous activity orspeech. When

stimulated he will react appropriately both with speech and/or movement. May be dis
oriented but can carry out simple commands.

III. Asleep.
The patient is asleep unless stimulated, being accessible to verbal stimulation or

touch, but when awake is usually disoriented.

IV. Stupor.
The patient is not conscious unless stimulated. Manifests no spontaneous behavior,

except for twitching, stereotyped or other automatic or abnormal movements. Responds
only minimally to shouting or light pain stimuli.

V.Coma.
The patient is unconscious. Only reflex activity is present which maintains respiration

and the circulation. The patient responds neither to intense pain, nor verbal stimuli.

The above classification is not observer independent, as the definition of each level
of consciousness is based upon evaluation ofobservations and responses which are subject
to wide variation in interpretation between different observers. This is unsatisfactory for
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the purpose of accurately monitoring the clinical progress of patients whose level of con
sciousness may be assessed by a number of nurses or physicians.

Table 8.2.1.
GLASGOW COMA SCALE

Eye opening
4. Spontaneous
3. To speech
2. To pain
1. None

Best verbal response
5. Oriented
4. Confused
3. Inappropriate
2. Incomprehensible
1. None

Best motor response
6. Obeys commands
5. Localizes pain
4. Withdraws from pain
3. Aexion to pain
2. Extension to pain
1. None

If eyes are closed by swelling,
then add "C" to this score.

If patient has an endotracheal
tube in place add a IIfI to score.

2. GLASGOW COMA SCALE
A more satisfactory method of classification is the Glasgow Coma Scale [2,3]. This is

otherwise known as the EMV scale, "E" standing for the ocular responses, "M" for the motOJ
responses, and "V" for verbal responsiveness.

The level of consciousness is classified according to the best ocular, motor, and ver
bal responses to an administered stimulus. The stimuli applied range from nothing, to
pain. The responses are either present or not, and are not easily capable of ambiguous or
subjective interpretation. The score obtainable varies from 3to a maximum of 15. The scor
ing system is shown in table 8.2.1.

The EMV (or Glasgow Coma Scale) has found universal acceptance by virtue of rela
tive observer independence. It also correlates well with morbidity and mortality after head
trauma, the results ofone series dealingwith head injurypatients being set out in table 8.2.2.
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Table 8.2.2.
Neurological outcome related to best EMV score in the
first 24 hours after injury [4].

Best EMV score
In first 24 hours
after head InJury

3,4,5
6,7
8+

% Patients dead or
vegetative 6 months

after head InJury

82
48
23
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Chapter 8.3

RAISED INTRACRANIAL PRESSURE

Anaesthetic management of patients with elevated intracranial pressure (ICP) re
quires care, planning and thought about the consequences of every maneuver performed.

PROBLEMS DUE TO ELEVATED ICP
The manifestations of acutely raised ICP are well known, consisting of altered level

of consciousness, vomiting, slowing of the pulse rate and respiration, together with eleva
tion ofthe blood pressure.These manifestations occurto alesserdegree inpatients inwhom
the ICP has risen slowly [2].

1. Reduced cerebral blood flow.
Aside from any alteration of consciousness, and the changes in cardiopulmonary

physiology, the main problem, and the greatest threat to life is the reduction of cerebral
blood flow (CBF) due to the raised ICP. CBF is a function of the cerebral perfusion pres
sure (CPP). The CPP itself is the difference between the mean arterial blood pressure and
the intracranial pressure, as the cerebral venous pressure in normovolaemic persons is
maintained at a value equal to, or slightly greater than the ICP. This also applies to those
with elevated ICP too [22], and so the CPP maybe expressedby the formula below for most
situations.

CPP = MABP· ICP

MABP = mean arterial blood pressure [see table 2.0.1].
ICP = mean intracranial pressure. The normal human ICP = 5-13 mmHg.

Provided that the MABP is greater than the ICP, some cerebral perfusion will occur,
although a CPP of at least 3040 mmHg is necessary to provide a normal CBF in nor
movolaemic persons [also see chapter 2.7 on hypotension]. However in persons with
elevated ICP who are administered hypotensive or anaesthetic drugs, or who are
hypovolaemic, the cerebral venous pressure may fall below the ICP. Insuch a situation the
cerebral blood flow ceases because the tissue pressure inside the affected brain closes the
intracerebral veins. This is probably one of the main reasons for the high mortality of
patientswith traumatically elevatedICP, thosewith anICPin the range41-80mmHg having
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a mortality of about 79%, while the mortality of persons with an ICP of 21-40 mmHg is
about 29% [22].

2. Altered level of consciousness.
A reduction of the level ofconsciousness is always associated with decreased efficacy

of laryngeal reflex activity, with an increased risk ofaspiration of oropharyngeal contents.

3. Respiratory dysfunction.
A variety of abnormal respiratory rhythms may occur as a result of elevation of the

ICP. Some of these rhythms are dysfunctional, in that alveolar ventilation is inadequate to
sufficiently oxygenate the blood. Elevation of the ICP may also cause other respiratory
problems.

a. Abnormal respiratory rhythm.
i. Apnea This may be a result of cerebral herniation through the tentorium or foramen

magnum [10].
ii. Cheyne-Stokes respiration may be a result of metabolic derangements, drug effects, or

bilateral internal capsule lesions [11].
iii. Apneustic breathing. This a respiratory pattern characterized by a slow respiratory fre

quency, with a very prolonged end-inspiratory pause. This may be a result of severe
hypoxaemia, hypoglycaemia, or pontine damage [12].

iv. Ataxic breathing. This is a totally irregular respiratory patternwhich is caused by medul
lary lesions [13]. These patients are insensitive to the effects of PaC02. and as a result
are very sensitive to the effects of any drug capable of depressing respiration.

v. Central neurogenic hyperventilation. This is pathologically increased hyperventilation
secondary to generalized cerebral damage [14].

b.Neurogenic pulmonary oedema.
Neurogenicpulmonary oedema may occur. This is discussed more fully inchapter8.4.

4. Altered cardiac rhythm.
The cardiac rhythm may be affected by increased ICP. Both atrial and ventricular

arrhythmias may occur. Bradycardia is one of the most frequently observed arrhythmias. It
is vagally mediated, and is due to either baroreceptor reflex activity secondary to arterial
hypertension, the effects of cerebral hypoxia, or the mechanical effects of the lesion caus
ing elevation of the ICP on the brainstem.

5. Arterial hypertension.
Arterial hypertension frequently, although not always occurs as a consequence of

elevated ICP. The cause is either the mechanical effects of the lesion causing the elevated
ICP on the brainstem, brainstem hypoxia, or both.

6. Arterial hypotension.
Some patients not only have an elevated ICP, but may also be hypovolaemic.

Hypovolaemiamay be a result ofhaemorrhage, ormay be due tovomiting causedby chronic
or acute elevation of the ICP. The risk of brain damage as a result of hypotension secon
dary to hypovolaemia isvery real. Insuch situations hypotensionmay reduce the CPP below
what is required for adequate perfusion of the brain, and hypoxic cerebral damage occurs.



322 Chapter 8.3

MANEUVERS TO REDUCE ELEVATED INTRACRANIAL PRESSURE
1. Elevation of the head.

Elevation of the head above the level of the heart reduces the intracerebral blood
volume and the rcp falls within seconds [2].

2. Controlled respiration with hyperventilation.
Controlled respiration with hyperventilation causes cerebral vasoconstriction which

reduces the cerebral bloodvolume and the ICP[2].1bis is one ofthe situationswhere reduc
tion of the PaC02 below 4 kPa (30 mmHg) is permissable, as the increase in CBF due to a
raised CPP more than compensates for the vasoconstriction that is induced [2]. Reduction
of the ICP, provided it is not associated with a reduction of the MABP increases the CBF.

3. Prevention of coughing, straining, etc.
Coughing, straining, elevation of intrathoracic pressure, and raised intra-abdominal

pressure, all elevate the ICP by increasing the cerebral venous pressure. This may be
prevented and treated by administration of adequate dosages of neuromuscular blocking
drugs [2], and by deep anaesthesia.

4. Diuretic therapy.
Diuretic drugs may also be used to reduce the ICP. However they only reduce the ICP

for a relatively short period of time. There are two groups of diuretics which are used to
reduce the ICP, the osmotic, and the ''loop'' diuretics.

a. Osmotic diuretics.
Of the various osmotic diuretic drugs used, hypertonic urea, sorbitol, and mannitol,

mannitol has the fewest disadvantages.
Mannitol crosses the intact blood brainbarrier to avery minor degree, and significant

ly reduces the ICP innormal, traumatized and diseased brain [15,16]. It does this by osmotic
reduction of the interstitial fluid volume (ISFV) in regions ofnormal brain. Mannitol does
not reduce the volume of regions of brain where the blood-brain-barrier is damaged, as it
diffuses readily into the interstitium of traumatized regions through the damaged capillary
endothelium [see chapter 14.3]. As no osmotic pressure gradient exists across the capillary
endothelium ofdamaged tissue, no reduction ofthe interstitial oedema in these regions oc
curs. A "rebound" elevation of ICP may occur once enough mannitol has been eliminated
from the body to reduce the plasma mannitol concentration below the mannitol concent
ration in the interstitium ofdamaged regions ofbrain. Water then diffuses into the interstit
ium of the damaged regions, increasing the ISFV there, and elevating the ICP. This is the
"rebound" effect of mannitol. It also occurs with other osmotic diuretics too.

The reduction of the ICP due to repeat doses of mannitol is less than that due to the
initial dose, especially in patients with traumatic elevation of the ICP. This is due to man
nitol from previous doses which has diffused into the cerebral interstitium, especially ofthe
damaged regions. Interstitial mannitol reduces the plasma-interstitium colloid osmotic
pressure gradient generated by the repeat dose, so decreasing the degree ofISFV, and ICP
reduction able to be achieved.

The dosage ofmannitol required for significant reduction ofICP is about 0.5-1 gmlkg
body weight Amaximum reduction ofICP occurs by 20 minutes after intravenous infusion
of mannitol, simultaneously with the onset of diuresis, although diuresis itself is not the
cause of the ICP reduction [16,17].
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The rate of any mannitol infusion should be limited so that the total dosage is ad
ministered over a minimum time period of 15 minutes, as rapid intravenous infusion of
mannitol is not without undesirable effects. Within 15 minutes after a rapid intravenous ad
ministration of a total dose of 1-2 gm/kg of mannitol, the plasma sodium concentration is
decreased by 10 mmolll, the blood volume increased by 43%, and the plasma osmolality in
creased by 23 mosm/1 [18]. After 45-60 minutes the blood volume has returned to normal,
but the plasma osmolality remains increased, and the plasma sodium remains low [18]. S
uch a large increase of blood volume can precipitate acute heart failure, and extreme
hyponatraemia may occur. In addition to these effects, a rapid infusion ofmannitol at a rate
greater than 1-1.2gm{70 kg/sec, to atotal dosage of0.25 gm/kg, canreduce the mean arterial
blood pressure by up to 25 mmHg in patients whose cardiac output cannot increase suffic
iently to compensate for the reduction of systemic vascular resistance that a mannitol in
fusion induces [19]. Large amounts of mannitol administered over a period of days, ( > 200
gmsIday), can cause acute renal failure due to damage ofproximal and distal renal tubular
cells [20].

b. Diuretic drugs.
Diuretic drugs also reduce the ICP. The most commonlyused diuretic drug for reduc

ing the ICP is frusemide. Frusemide in a dosage of 1 mWJcg also reduces the ICP, but to a
lesser degree than 1gm/kg mannitol [16]. Here too, the maximum reduction of ICP occurs
coincidentally with the peak diuresis, which occurs about 20-40 minutes after intravenous
administration of an intravenous bolus of frusemide [17]. Frusemide also potentiates the
effects of the osmotic diuretics [16].

Diuretic drugs should never be used in patients who are already hypovolaemic, or
suspected to be so, as the CPP may be reduced to dangerously lowlevels ifthebloodvolume
falls even further.

5. Glucocorticoid hormones.
The use of glucocorticoid hormones such as dexamethasone to reduce Iep is con

troversial. They certainly do reduce ICP in those patientswith brain oedema due to tumors,
but there is little evidence that they reduce the ICP in patients with raised ICP due to
traumatic or hypoxic injury [4].

6. Ventricular drainage.
Drainage of the ventricles is very effective in reducing elevated ICP.

7. Etomldate.
Etomidate, administered either as an intravenous bolus at a dose of 0.3 mgIkg, or as

an intravenous infusion at a rate of 50-100 IJ8/kg/min significantly reduces elevated ICP
without reducing the arterial blood pressure. The effect of this is a reduction of the ICP
while at the same time the CPP is maintained or actually increased [8].

ANAESTHETIC MANAGEMENT
Preoperative.
1. No patientwith an elevated Iep should receive sedative, opiate or other drugs preopera
tively if they are breathing spontaneously. The opiates, benzodiazepines and barbiturates
all cause a degree ofrespiratory depression, and may cause the already elevated ICP to rise
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Table 8.3.1.
EFFECTS OF VARIOUS DRUGS ON BRAIN

(During controlled ventilation with constant PaC02, and so does NOT apply to
spontaneously breathing patients [2,8,9]).

DRUG MABP ICP CPP CBF CMR02

THIOPENTONE ~U W U~ U U
ETOMIDATE VO W Ott U U
KETAMINE Vt ttt ~U tt 0

FENTANYL 0 ~ ~ ~ ~

MORPHINE ~ ~ ~ ~ ~

VOLATILE ANAESTHETICS ~ ttt ~U ttt ~U

CMR02 = cerebral oxygen consumption per unit time.
"t" = increase; "~. = decrease; "0" = no change.

even further due to elevation of the PaC02. This reduces tissue oxygenation even further
in situations where this is marginal.

2. Preoperative reduction ofelevatedbloodpressure may cause cerebral ischaemia in those
patients whose Iep is extremely elevated. No attempt should be made to reduce the blood
pressure in patients in whom a raised ICP is suspected.

Anaesthesia.
1. The basic principle of anaesthetic management of any patient with elevated ICP is to
maintain a CPP at which the brain remains viable. This usually can be translated to mean
that the intraoperative blood pressure should be maintained at the preoperative level until
craniotomy has reduced the Iep. The reason for using the preoperative blood pressure as
a measure of the adequacy of cerebral perfusion is simple. If the person was conscious to
some degree, then the cerebral perfusion at that blood pressurewas compatIble with brain
viability, and so this blood pressure is a known blood pressure at which the brain is viable.

The reflex elevation of blood pressure occurring as a result of elevation of ICP is a
reflex response which maintains the CPP at a level which is compatIble with the absence of
brain ischaemia, and is called the Cushing reaction [I, pages 253-254]. A reduction of the
blood pressure below preoperative levels by either induction of anaesthesia or premedic
ation should never be permitted in this situation, as it may reduce the blood pressure below
that which is necessary to prevent cerebral hypoxia Blood pressure reduction may only be
permitted to occur after the dura has been opened during a craniotomy, because then the
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ICP is equal to atmospheric pressure, EXCEPTin situations where the brain is bulging out
of the opening in the dura. In the latter situation, the ICP is obviously still elevated.

For this reason it is always essential to have a vasoconstrictor drug immediately avail
able during any anaesthetic procedure carried out on a patient with an elevated ICP,
e.g. ephedrine, phenylephrine etc. If induction of anaesthesia or hypovolaemia causes the
blood pressure to drop significantly below the preoperative level, administration of a
vasoconstrictor to elevate the blood pressure to near the preoperative level, e.g. 5-10 mg
ephedrine, will increase the blood pressure, CPP, and CBF within less than a minute [4,21,
see also chapter 2.2]. It usually requires more time than this to raise the blood pressure and
CPPwith even arapid infusionofintravenous fluids, and significant cerebral ischaemia may
occur in patients with an extremely high ICP during this time.

2. Anaesthesia should never be induced in a hypovolaemic patient who has a raised
ICP. Hypovolaemia should be treated prior to induction. Induction of anaesthesia under
these circumstances is extremelyhazardous for the patient, as all general anaesthetic drugs,
includingketamine, further reduce the cardiac output, and blood pressure in hypovolaemic
patients [see chapter 14.4].

3. Loco-regional anaesthesia.
If there is some suspicion that the ICP may be elevated never use a regional anaesth

etic technique where a needle can puncture the dura, either intentionally or by accident
Therefore NO spinal or epidural anaesthesia should be attempted in patients with raised
ICP. Both can cause a significant CSF leak. A reduction of the extracranial cerebrospinal
fluid pressure may cause herniation ofbrain through the falx cerebri, tentorium cerebelli,
or foramen magnum in patients with supratentorial or infratentorial elevation of the ICP.

4. General anaesthesia.
Induction and maintenance ofgeneral anaesthesia in patients with raised ICP should

only be carried out by persons who have a sound understanding of the possible effects of
general anaesthetic drugs and techniques on cerebral perfusion. A few minutes of cerebral
circulatory arrest is sufficient to cause severe cerebral damage. The main points to remem
ber when administering general anaesthesia to patients with elevated ICP are discussed
below.

a. Respiration should always be controlled so that oxygenation can be guaranteed in the
face of abnormal respiratory control. Use of a cuffed endotracheal tube ensures that no
pulmonary aspiration of gastric contents can occur, and a muscle relaxant drug to
paralyze the peripheral muscles prevents active vomiting.

b. Laryngoscopy for endotracheal intubation can cause the ICP to increase by up to 88
mmHg above preoperative levels [5]. This further elevates the ICP in patients with an
already elevated ICP, with all the possible consequences of this. Administration of lig
nocaine intravenously ata dosage of 1.5 mgIkg 1minute prior to laryngoscopysignificant
ly reduces elevation of ICP due to laryngoscopy [6], as does intravenous administration
of 5 JL8/kg of fentanyl 3-5 minutes prior to laryngoscopy [7].

c. Drugs used for induction and maintenance of anaesthesia should be those which cause
minimal cardiovascular depression [see chapter 2.1], and minimal reduction of the CPP
[see table 8.3.1].
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d. Drugs such as etomidate, and thiopentone reduce the ICP in normocapnic or hypocap
nic patients by causing cerebral vasoconstriction. They decrease both the CBF and ICP,
as well as reduce the cerebral metabolic rate [2], and so are the drugs of choice for in
duction of anaesthesia in patients with raised ICP. Etomidate can also be used intermit
tently in intravenous boluses of 5-20 mg to temporarily reduce the ICP if this is indi
cated.

e. Preferred muscle relaxants are pancuronium, alcuronium, or vecuronium, because they
cause the least alterations ofsystemic haemodynamics [see chapter 2.1]. Suxamethonium
should not be used, as it can cause a significant increase of ICP [2].

f. Any opiate may be used, as none of them adversely affect the ICP in the patient whose
ventilation is controlled, unless they significantly reduce the blood pressure [see chap
ter 2.1]. Administration ofopiates to spontaneouslybreathing patients with elevated ICP
is contraindicated as this further elevates the ICP due to hypercapnia secondary to
respiratory depression.

g. Use volatile anaesthetics only when the skull and dura are open, and the patient is hyper
ventilated. All volatile anaesthetics are powerful cerebral vasodilators, increasing the in
tracranial blood volume and the ICP [2].

5. The maintenance of stable haemodynamics, and the restoration or maintenance of nor
movolaemia should always be the aim ofanyintravenousfluid therapyinpatientswith raised
ICP. Intravenous fluid therapy is aimed at maintaining the blood volume, as well as the
protein and electrolyte composition of the extracellular fluid as near normal as possible. In
this way the brain cells only swell due to cell membrane damage; and not due to a hypo
osmolar extracellular fluid composition [see chapter 12.1 on hyponatraemia]. Maintenance
of the plasma colloid osmotic pressure also ensures that the interstitial fluid volume in un
damaged regions of the brain will not increase due to a low plasma colloid osmotic pres
sure [see chapter 14.1].

Maintain vascular filling pressures at the lower limit of normal, e.g. a CVP of 5 cm
H20, or a PCWP =5 mmHg. This minimizes the amount of fluid that flows into the inter
stitium of normal and damaged regions of brain, reducing the likelihood of iatrogenic ex
acerbation of the raised ICP [see chapters 14.1 and 14.3 for a more detailed discussion of
the effects of trauma on fluid balance].

Postoperative.
1. All patients with an elevated ICP should go to an intensive care postoperatively for
monitoring, and for further therapy.

2. If the patient is comatose, or has an EMV score of 7 or less. The patient should be
mechanically ventilated until consciousness returns.
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Chapter 8.4

HEAD INJURY

Management of the head injured patient is a matter of teamwork requiring the skills
of various specialists, neurologist, neurosurgeon, general surgeon, orthopedic surgeon,
anaesthetist and others.

PROBLEMS DUE TO HEAD INJURY [1,2]
It is unusual to encounter a patient with an isolated head injury. Usually a head in

jury is associated with other injuries.

1. Skeletal.
i. Skull, maxillofacial, and cervical spine fractures.
ii. Fractures of other bones with their associated blood loss.
ili. Spinal injuries and fractures.

2. Neurological.
Brain damage and death may occur due to the direct effects oftrauma, and the secon

dary effects of swelling and hypoxaemia.

3. Cardiopulmonary effects.
a. Hypoxaemia.
i. Due to rib, thoracic, or spinal injury.
ii. Due to lung contusion, and adult respiratory distress syndrome.
iii. Abnormal respiratory pattern, apnea, hyperventilation, apneustic respiration, ataxic

respiration and Cheyne-Stokes respiration [see chapter 8.3].
iv. Neurogenic lung oedema may occur due to capillary endothelial damage. Head injury

may initially cause such massive sympathetic stimulation that the pulmonary arterial,
capillary, and venous pressures are elevated to such a degree that pulmonary capillary
endothelium is damaged. Plasma then leaks into the pulmonary interstitium and alveoli
unhindered by a functioning capillary endothelial barrier. Because endothelial injury
lasts until cellular and basement membrane healing has occurred, such lung oedemacon
tinues long after the sympathetic stimulation that caused it has ceased [3,4].

v. Airway obstruction may occur due to faciomaxillary injury, or the tongue. This is made
more likely by a decreased level of consciousness which diminishes protective airway
reflexes. These maintain airway patency as a result ofstimulationby hypoxaemia and hy
percarbia. Both hypoxaemic and hypercarbic responses are also depressed in uncon
scious persons.



Head InJury 329

vi. Aspiration of gastric contents and blood. This is made more likely by vomiting due to
raised intracranial pressure combined with reduced efficacy of upper airway reflexes
caused by a decreased level of consciousness.

b. Circulatory effects.
i. A significant proportion of the blood volume may have been lost due to wounds and

fractures. Ifhypotension occurs as a result ofhypovolaemia, the CPP may fall below 30
40 mmHg, the minimum level required for adequate cerebral perfusion [see chap. 8.3].

ii. Hypertension may occur during periods of elevated ICP, i.e. the Cushing response [5].
However this response cannot be relied upon to maintain an adequate CBF in hypovol
aemic patients with an elevated ICP, and certainly cannot be relied on to maintain the
CPP ifgeneral anaesthesia is administered to hypovolaemic and even to normovolaemic
patients.

c. Cardiac etJects [5].
i. Vagally mediated bradycardia may occur.
ii. A variety of cardiac arrhythmias may occur in association with raised ICP, ranging from

atrial to ventricular arrhythmias, and even atrioventricular block.
iii. BeG changes ofmyocardial ischaemia may occur, even ECG signs ofmyocardial infarc

tion.

4. Haematologlcal effects.
Brain contains a high concentration of tissue thromboplastins. Sufficient quantities

may be released by massive trauma to initiate disseminated intravascular coagulation.

5. Endocrine effects.
a. Hypothalamic or pituitaIy damage can cause diabetes insipidus, or inappropriate ADH
secretion. Other forms of hypothalamic or pituitaIy dysfunction may also occur.

b. Damage to the hypothalamus may also cause disordered temperature regulation.

c. Nonketotic hyperglycaemic coma may occur in patients with diabetes mellitus, due to the
hyperglycaemic response to severe trauma.

ASSESSMENT OF THE PATIENT WITH A HEAD INJURY
1. Use the EMV score, or alternatively, a much simpler system ofclassification as shown in
table 8.4.1 may be used [8].

2. Upon arrival of the patient in the emergency department, arterial blood should be im
mediately be withdrawn for arterial blood gas analysis as well as measurement of
haemoglobin and electrolyte concentrations. Clinically assess the adequacy ofthe respirat
ory function, in addition to the neurological status, the presence of other injuries, and the
magnitude of any blood loss.
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Table 8.4.1.
SIMPLE CLINICAL ASSESSMENT OF HEAD INJURY SEVERITY [8]

Class 1. Patient in coma. May have open head wounds and/or paralysis.

Class 2. Patients with a reduced level of consciousness, but not comatose.

Class 3. Patients who have had a short period of unconsciousness,
after which they are well oriented in time, place, and person, and
in addition have no obvious brain damage or paralyses.

FACTORS AND TREATMENT AFFECTING SURVIVAL AFTER HEAD INJURY
Survival, and quality of survival after head injury have been extensively studied. The

neurological outcome is related both to the clinical condition of the patient and the treat
ment administered.

1. Factors affecting survival.
a. Hypotension, defined as a systolic arterial blood pressure less than 90 mmHg, doubles
the mortality associated with severe head injury [10].

b. Percentage survival is directly related to the degree of elevation of the ICP. Mortality is
about 19% in patients with severe head injury but with a normal ICP, and rises to about
79% in patients whose Iep is elevated between 41-80 mmHg [10].

2. Treatments affecting survival, and quality of survival [9].
a. Administration of a glucocorticoid hormone, e.g. dexamethasone, does not affect the
neurological outcome, however high doses of glucocorticoids themselves may cause
problems [see chapter 7.4]

b. The use of osmotic diuretics significantly improves neurological outcome.

c. Cranial decompression significantly improves the neurological outcome.

d. Rapid and early endotracheal intubation/tracheostomy improves the neurological out
come.

e. Early institution ofmechanical ventilation inpatientswith abnormal respiratory function
significantly improves the neurological outcome.

INITIAL MANAGEMENT OF PATIENTS WITH HEAD INJURY
The primary resuscitative measures ofany patient with a head injury are treatment of

hypoxaemia and hypovolaemia.
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1. Hypoxaemia.
Hypoxaemia should always be aggressively treated, and a "safe airway" should be en

sured. Patients with an EMV score of 6-7 or less, or who fall into class-l of table 8.4.1, re
quire immediate endotracheal intubation and mechanical ventilation. Any patient with an
abnormal respiratory pattern, who is cyanosed, unconscious, or is vomiting while the level
ofconsciousness is reduced, should be intubated immediately, and mechanicallyventilated,
to ensure both a "safe airway" and adequate oxygenation.

2. Hypovolaemla.
Hypovolaemia must always be rapidly and aggressively treated in all patients with

head injury. Hypotension secondary to blood or plasma loss may cause cerebral ischaemia
if the ICP is elevated above the intracerebral capillary pressure.

A vasoconstrictor drug should be administered to elevate the blood pressure to ac
ceptable levels during acute hypotensive episodes in hypovolaemic head injured patients.
This will maintain CPP and CBF at an acceptable level until normovolaemia and an accept
able blood pressure have been restored by an intravenous infusion. Itusually takes less than
a minute for a vasoconstrictor to act, while it may take some minutes for even a rapid
intravenous infusionto elevate the bloodpressuresignificantly. Significant cerebraldamage
can occur within this time. It should be emphasized that administration of a vasoconstric
tor is no substitute for restoring a normal blood volume, and in fact is very bad therapy for
hypovolaemic shock as it reduces blood flow to most other organs, but it does increase CBF
during hypovolaemia [11, see also chapter 2.2]. Restoration of normovolaemia should be
done simultaneously with administration of the vasoconstrictor. All that the vasoconstric
tor does is protect cerebral function while normovolaemia is restored, as the ability of the
brain to survive ischaemia and hypoxia is much less than thatofall other organs in the body.
Elevation of the arterial blood pressure with a vasoconstrictor has the extra benefit of in
creasing coronary vascular flow too..

3. Osmotic diuretics.
Hthe patient has clinical signs of markedly elevated ICP, and some time is expected

to elapse before any surgery is likely to take place. administer mannitol intravenously at a
dosage of 0.5-1 gmlkg to temporarily reduce the ICP to a lower level

4. Check for cervical spinal InJury.
All patients with a head injury must be assumed to have cervical spinal injury until

proven otherwise by cervical spinal X-rays. Cervical injury is the primary cause of death in
3% ofpatients with head injury [7].

ANAESTHETIC MANAGEMENT
Preoperative.
1. No sedative drugs or opiates should be administered preoperatively. They may reduce
the CBF or cloud the clinical neurological picture.

2. Insert a large bore intravenous infusion prior to inducing anaesthesia. Hypotension after
induction may make this impossible in hypovolaemic patients.
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3. Replace any blood volume deficit prior to administration of any anaesthetic drugs.
Reduction ofthe arterial bloodpressure in the presence ofan elevated ICP may reduce the
CPP and CBF to lethally low levels [see table 2.7.2].

Anaesthesia.
All head injured patients must be presumed to have raised ICP as a result of their in

jury, REGARDLESS of whether they are conscious or not Anaesthetic management is
otherwise the same as for patients with elevated ICP. Any technique used must be adjusted
for the presence of any associated trauma. In fact most patients with head injury who un
dergo an operation, are operated for the associated injuries, rather than for neurological
problems [6]. Injury to the central nervous system is usually not amenable to surgical cor
rection, except for haematomas, depressed skull fractures, bleeding vessels etc.

2. No spinal or epidural anaesthesia should be administered in the presence of a possibly
elevated ICP. Any other loco-regional anaesthetic technique is permissable.

3. General anaesthesia is to be preferred for any surgical procedure. There are a few points
which should be kept in mind when administering general anaesthesia to a head injured
patient.

a. A technique using endotracheal intubation and controlled ventilation is required. This
ensures oxygenation, a cuffed endotracheal tube prevents pulmonary aspiration ofpos
sible regurgitated gastriccontents, and hyperventilationwill reduce the intracranialpres
sure.

b. Endotracheal intubation should be carried out with due care for the effects it may have
upon the Iep [see chapter 8.3], and also with due considerationfor the possible presence
of a full stomach. Care must also be taken with movement of the head and neck during
endotracheal intubation in case cervical spine injury is present.

c. Anaesthetic drugs should be selected that cause minimum cardiovascular depression,
while reducing the ICP [see chapter 2.1, and table 8.3.1]. Etomidate is the drug ofchoice
for induction, pancuronium or vecuronium for muscle relaxation and endotracheal in
tubation, and fentanyl is the opiate of choice.

Postoperative.
1. Those patients requiring endotracheal intubation and ventilation prior to operation
should be ventilated postoperatively in an intensive care unit.

2. All head injury patients who are comatose postoperatively should be mechanically ven
tilated in an intensive care unit until their neurological status improves.
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Chapter 8.5

DISORDERS AFFECTING NEUROMUSCULAR FUNCTION

Neuromuscular function may be affected by a large variety ofdiseases, metabolic dis
orders and drugs. While disorders of neuromuscular function do not occur very frequent
ly, they are encountered regularly.

ELECTROLYTE DISORDERS
1. Disorders ot potassium balance.

Clinical muscle weakness occurs when the plasma potassium concentration is lower
than 2.5 mmol/l [1]. Hyperkalaemia is also associated with muscle weakness. which occurs
when the plasma potassium concentration is 7.2 mmol/l and higher [2,3]. A more extensive
discussion of disorders of potassium homeostasis is to be found in chapters 12.3 and 12.4.

In-vitro investigation has shown that hypokalaemia is associated with increased sen
sitivity to non-depolarizing muscle relaxants, while hyperkalaemia antagonizes the effects
of these drugs [4]. The same has been found clinically for hypokalaemia, but the situation
is less clear for hyperkalaemia. Hyperkalaemia itselfalso causes muscle weakness, which is
likely to be potentiated by muscle relaxant drugs, although the duration of their effect may
be reduced by the effects ofpotassium on the neuromuscular junction [see chapter 12.4].

2. Disorders of calcium balance.
If the total plasma calcium concentration is below 1.75 mmol/l, tetany and other

symptoms of hypocalcaemia are likely [5,6], and if it is above 3 mmolll muscle weakness
may occur [7]. A more extensive discussion of disorders of calcium homeostasis may be
found in chapters 12.5 and 12.6.

In-vitro studies show that the dosage of a non-depolarizing muscle relaxant required
to produce a given degree of muscle relaxation is directly proportional to the extracellular
calcium ion concentration [4]. One ofthe reasons for this is that calciumentry into choliner
gic nelVe terminals during depolarization is required for the release of acetylcholine [4,8].
Despite the fact that hypocalcaemia does cause tetany, it is likely that the sensitivity to non
depolarizing drugs is increased in this condition. Hypercalcaemia can cause clinically sig
nificant skeletal muscle weakness itself, but despite this, the effect of non-depolarizing
muscle relaxants are reduced [see chapter 12.6].

3. Disorders of magnesium balance.
Plasma magnesium concentration is normally in the range 0.8-1.3 mmol/l. Hypermag

nesaemia can cause muscle weakness. It does this by inhibiting the release ofacetylcholine
from cholinergic nerve terminals, so inducing a neuromuscular block. The effect of the
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neuromuscular block so produced is to greatly enhance sensitivity to both depolarizing as
well as nondepolarizing neuromuscular blocking drugs [9]. Administration of calcium in
travenously reverses the effects of hypermagnesaemia. The usual dose of calcium for an
adult is 0.5-1 gml70 kg of calcium chloride or gluconate [9].

DISEASES AND MYOPATHIES
1. Various non-speclflc myopathies.

Clinical muscle weakness and myopathies may be caused by non-neurological disor
ders such as diabetes mellitus, glucocorticoid hormone use and alcohol abuse.

Ifapatient has clinically evident muscle weakness, any neuromuscularjunctionblock
ing drug should be used with caution, as their action may be potentiated by the existing
muscle weakness.

2. Autoimmune Inflammatory diseases.
This includes such diseases as polymyositis, dermatomyositis, systemic lupus

erythematosis, polyarteritis nodosa. These conditions may be associated with easy
fatigability. The muscle weakness associated with these disorders may decrease after ad
ministration of neostigmine [10].

Here too, caution should be exercised when muscle relaxant drugs are administered
to patients with clinical muscle weakness.

3. Thyroid diseases.
Both hyperthyroidism as well as hypothyroidism are associated with clinical muscle

weakness [11,12, see also chapters 7.2 and 7.3 for a more extensive discussion].
Hyperthyroid patients have decreased responsiveness to suxamethonium due to an

increased plasma cholinesterase concentration [13]. The responses to non-depolarizing
muscle relaxants are normal in both hyperthyroid as well as hypothyroid patients. But, as
with other non-specific myopathies, muscle relaxants should be used with caution in such
patients, as their effect may be potentiated by the existing muscle weakness.

4. Dennervatlon myopathy.
After dennervation due to either an upper motor neurone lesion or peripheral nerve

damage, there is an increase in the number of postsynaptic acetylcholine receptors at the
neuromuscular junctions ofthe paralyzed muscles. Inaddition to this, the whole muscle cell
membrane of the paralyzed muscles becomes more sensitive to acetylcholine [14].

Due to increased sensitivity to acetylcholine, plus increased numbers ofmuscle acetyl
choline receptors, the effect of non-depolarizing muscle relaxants on paralyzed muscles is
reduced both in duration as well as degree of neuromuscular block achieved [15]. Because
of this, any repeat dosage of these drugs should be administered on the basis of informa
tion derived from non-paretic muscles whose response to these drugs is normal.

Use ofdepolarizing muscle relaxants in patients with either an upper or lower motor
neurone lesion is associated with a larger than usual plasma potassium concentration in
crease. In some patients the plasma potassium concentration may actually be dangerously
increased after suxamethonium administration. Increased potassium release in response to
suxamethonium and other depolarizing relaxants occurs for a period of8 days to 9 months
after dennervation [14].
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5. Various neurological disorders.
Diseases such as von Recklinghausen's disease, multiple sclerosis, poliomyelitis,

syringomyelia and amyotrophic lateral sclerosis may cause combinations of upper as well
as lower motor neurone lesions.

The actual effects of any muscle relaxants used are dependent on how extensive any
lesions are, and how recently they occurred, [see paragraph 4. of this chapter].

6. Eaton-Lambert syndrome.
These patientsare verysensitive to both depolarizing and nondepolarizingneuromus

cular blocking agents. 4-aminopyridine reduces the muscle weakness. See chapter 4.11 on
primary lung tumors for a more extensive discussion.

7. Myasthenia gravis.
This is a disease caused by adecreased numberofacetylcholine receptors at the motor

end plate. The easy fatigability and muscle weakness are reversible with acetyl
cholinesterase blocking drugs such as neostigmine etc.

Typically these patients have an extreme sensitivity to the effects of nondepolarizing
muscle relaxants [to]. The reaction ofmyasthenicpatients to depolarizing relaxants such as
suxamethonium is somewhat different Resistance to depolarization occurs at a dosage of
0.5 mglkg, while no such resistance is present at a dose of 1mglkg, but the duration of the
depolarization block is longer than normal. In addition to this, suxamethonium also causes
a non-depolarizing block (''phase-IT block") in all myasthenic patients, an effect which may
last for up to 30 minutes [22].

All patients with myasthenia gravis should be admitted to an intensive care unit pos
toperatively for intensive respiratory monitoring, and if indicated, mechanical ventilation
until the effects of anaesthetic drugs have passed.

8. Myotonic dystrophy
Patients with dystrophic disorders such as dystrophica myotonica, present the anaes

thetist with anumber ofproblems, including muscle weakness, cardiomyopathy, and sensit
ivity to the effects of sedative and hypnotic drugs [16].

Sedative, hypnotic and anaesthetic drugs exert a number of effects in these patients.

a. The patients are more sensitive to the respiratory depressant effects ofthese drugs, which
makes controlled ventilation mandatory for these patients during general anaesthesia.

b. Central nervous system depression due to hypnotic, sedative drugs is more pronounced
than for normal persons. This means that the dosages of all these drugs should be
reduced.

c. The existing myocardopathy is greatly exacerbated by myocardial depression due to
anaesthetic drugs, and so they produce a more pronounced degree of cardiovascular
depression than is usual [17].

All anaesthetic, sedative, and hypnotic drugs should be used with caution in these
patients. Drugs should be chosen that exert only aminimal degreeofcardiovascular depres
sion [see chapter 2.1J, and which have a short elimination halflife so that any central nerv
ous system or haemodynamic effect is only of relatively short duration [see appendix-AJ.

Acetylcholinesterase blocking drugs such as neostigmine [16], and depolarizing
muscle relaxants such as suxamethonium [18], can cause a persistent generalized muscle
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spasm which lasts the duration of the drug effect [16]. Such generalized spasm may make
ventilation and endotracheal intubation impossible. The response of these patients to non
depolarizing neuromuscular blocking agents is normal [18,19]. Postoperative hypothermia
may also cause generalized muscle spasm [16].

Patientswith these disorders shouldbeplaced inan intensive careunit postoperatively
for respiratory monitoring and mechanical ventilation, until muscle strength and reflexes
have returned to normal.

9. Progressive muscular dystrophy (e.g. DUchenne).
Patients with progressive muscular dystrophies may have a cardiomyopathy, in addi

tion to general immobility due to muscle weakness which also causes a degree ofrespiratory
insufficiency and skeletal deformity [20].

General anaesthetic agents and administration of hypnotic drugs can cause further
respiratory depression due to muscle relaxation, or central nervous system depression. Be
cause of this controlled ventilation is always required during general anaesthesia.

The circulatory depressant effects of cardiodepressive drugs are exacerbated by any
cardiomyopathy present. All drugs must be chosen and administered with caution, and
preferably only drugs which cause minima! cardiovascular depression should be used [see
chapter 2.1].

Depolarizing muscle relaxant drugs can induce myoglobinuria by causing rhabdo
myolysis [20]. Suxamethoniummay be associatedwith the occurrence ofdelayed respiratory
insufficiency due to delayed onset ofsevere muscle weakness several hours after apparent
1y good recovery from the anaesthetic during which it was administered [20].

Patients with muscular dystrophy also may be at risk of developing malignant hyper
pyrexia. Some patients develop elevated temperatures, metabolic acidosis, and myoglobin
uria after suxamethonium or halothane has been used during anaesthesia [20]. The use of
suxamethonium or any other depolarizing neuromuscular blocking drugs should be
avoided.

Postoperative admission to an intensive care unit is advisable after general anaes
thesia for respiratory function monitoring, and mechanical ventilation if indicated.

ANAESTHETIC CONSIDERATIONS
The anaesthetist should always consider a number of factors when planning anaes

thesia for any patient with any disorder affecting neuromuscular function.

1. General considerations.
General anaesthetic drugs usually exacerbate muscle weakness, in addition to reduc

ing both the hypoxic and hypercapnic respiratory drives. These factors, combined with
hypoventilation due to wound pain from thoracic or upper abdominal surgery may
precipitate respiratory failure. Accordingly a number of precautions must be taken in the
perioperative period to minimize the chances of hypoxic injury due to such effects.

a. Always make arrangements for possible postoperative mechanical ventilation in an in
tensive care unit.

b. Preoperative respiratory function tests must beperformed so as to have an exact measure
of the normal pulmonary parameters of that patient. These are used as a target to which
to strive in the postoperative period
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c. Perioperative spirometry should be performed regularly. This is mainly to measure vital
capacity to assess if ventilatory support is required. IT the perioperative vital capacity is
less than 15 mlsIkg bodyweight mechanicalventilation is required [21, see normal values
in table 4.4.1].

2. Type of anaesthesia.
a. Locoregional anaesthesia.

Assess whether loco-regional anaesthesia is possible for the planned operation.
Regional anaesthesia has minimal effects on neuromuscular function, and may spare the
patient admission into an intensive care unit for respiratory monitoring or mechanical ven
tilation.

b. General anaesthesia.
General anaesthetic drugs usually exacerbate muscle weakness, in addition to reduc

ing the hypoxic and hypercapnic respiratory drives. These factors mean that the range of
general anaesthetic techniques is restricted.

i. The patients should always be mechanically ventilated to ensure oxygenation in despite
weakened respiratory muscles, and reduction of hypoxic and hypercarbic drives, all of
which are exacerbated by anaesthetic drugs.

ii. IT neuromuscular junction blocking drugs are used, due consideration of the type of
neuromuscular disorder should be made when selecting a drug. Their effect should be
monitored so that overdosage ofpatients who may be exceptionally sensitive to their ef
fects may be prevented. Repeat dosages of any of these drugs should only be ad
ministered according to clinical indication, i.e. the patient moves, muscles are obvious
ly vigorously contracting, etc. Otherwise a peripheral nerve stimulator should be used to
decide whether a repeat dose is required.

iii. A good choice ofgeneral anaesthetic technique in patients without any cardiomyopathy,
or in whom malignant hyperpyrexia is unlikely, is controlled ventilation of the patient
using a volatile anaesthetic agent as the sole anaesthetic drug. This technique has the ad
vantage that once the anaestheticgas has been eliminatedfrom the body, that the residual
neuromuscular and respiratory effects of the anaesthetic are almost non-existent
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Chapter 8.6

BARORECEPTOR REFLEXES &ANAESTHESIA

The autonomicnervous system is ofvital importance in the maintenance ofcardiovas
cular homeostasis. Autonomic nervous system dysfunction or neuropathy, especially
baroreceptor reflex deficiency, has a profound effect on the reaction of the body to anaes
thesia, trauma, and surgery.

BARORECEPTOR REFLEXES
The function of the baroreflexes is to maintain adequate blood pressure and cardiac

output in the face of changing degrees of vascular filling and vasoconstriction [15,18]. The
efferent loop of the baroreflexes is the autonomic nervous system, and this affects systemic
haemodynamic function by varying the myocardial contractility, heart rate (HR), stroke
volume (SV) and systemic vascular resistance (SVR). These three factors are related as is
shown by the formula below.

MABP =HRxSVxSVR

[see table 2.0.1 for method of calculation of MABP).

The most important functions of the baroreflexes are listed below.

1. Response to hypovolaemla.
Hypovolaemia reduces intravascular and intracardiacpressures, activatingbaroreflex

activity. The effector side of the baroreflexes is the autonomic nervous system which in
creases the heart rate, myocardial contractility, and elevates the systemic vascular resis
tance. This response maintains mean arterial blood pressure and cardiac output until the
blood volume is reduced by about 15% or more below its normal volume [see chapter 14.4
on hypovolaemia].

2. Response to vasoconstrictor drugs.
Administration ofavasoconstrictor drug to normovolaemicpatientselevates intravas

cular pressures and causes a baroreflex mediated bradycardia which reduces the cardiac
output [see table 2.2.1].



Baroreceptor reflexes 341

3. Response to vasodilator drugs.
Vasodilator drugs decrease intravascular pressures and cause a baroreceptor

mediated elevation of heart rate. This response increases cardiac output and maintains
arterial blood pressure.

4. Positive Inotropic effect.
Baroreflexes increase sympathetic nervous system activity, which has a positive in

otropic effect, increasing myocardial contractility and stroke volume for a given degree of
vascular filling.

Table 8.6.1.
Cardiovascular actions of the autonomic nervous system.

ORGAN SYMPATHETIC PARASYMPATHETIC
(Action and receptor types)

HEART
Tachycardia (131) Bradycardia (muscarinic)

Positive inotropy (131) Negative inotropy
(muscarinic)

Increased Decreased automaticity
automaticity (131) (muscarinic)

BLOOD VESSELS
Coronary Dilation (131) Dilation (muscarinic)

Constriction (ex1)

Pulmonary Dilation (P2) Dilation (muscarinic)
Constriction (ex1)

Systemic Dilation (132) Dilation (muscarinic)
(veins and arteries) Constriction (ex1)
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PERIPHERAL NEUROANATOMICAL SUBSTRATE OF BAROREFLEXES
The afferent as well as efferent limbs ofthe baroreflexes are mediated by nerve fibers

in the autonomic nervous system.

1. Afferent fibers of the baroreceptor reflexes.
a. Activation oratTerent fibers.

Some of the fibers in autonomic nerves are baroreceptor afferent fibers. These
originate in stretch receptors located in large veins, arteries, pulmonary vessels, cardiac
atria and ventricles. These stretch receptors are stimulatedby stretching of the fibers in the
walls of the structures in which they are present This occurs under anumber ofconditions.

i. Hypovolaemia reduces pressures in the cardiovascular system. Stretch receptor fibers are
not stretched, or stimulated as normal, and the baroreflexes are activated. Hyper
volaemia has the reverse effect

ii. Administration of vasodilator drugs has the same effects as hypovolaemia, a reduction
of the tension on stretch receptors in the walls of the cardiac chambers. Vasoconstrictor
drugs have the reverse effect.

iii. Intermittent positive pressure ventilation, especially when combined with positive end
expiratory pressure, compresses the cardiac chambers and large intrathoracic vessels,
tending to collapse them. This reduces the degree of stretch in the stretch receptors in
the walls of these structures, and activates the baroreflexes.

b.Locations or stretch receptor fibers.
Some knowledge of the anatomical locations of the stretch receptors is of use in

predicting the effects of various maneuvers or operations. An example of this is that of
patients who have undergone carotid endarterectomy. Postoperatively these patients fre
quently develop a very high arterial blood pressure. This is thought to be due to surgical
destruction of carotid baroreceptor nerves, producing an effect similar to the lack of
stimulation of these nerves by hypovolaemia.

The precise anatomical locations ofbaroreflex afferent fibers are listed below.

i. At the junctions of the superior and inferior vena cava with the right atrium.
ii. At the junctions of the pulmonary veins with the left atrium.
iii. The left ventricle.
iv. Pulmonary artery and pulmonary vein.
v. Arterial baroreceptor locations [18].

• In the aortic arch at the origins of the brachiocephalic artery and left subclavian
artery, (vagus nerves).

• In the brachiocephalicartery at itsbifurcationinto the right carotid andsubclavian
arteries.

• In the carotid sinuses which are found at the bifurcation of the carotid arteries
into the internal and external carotid arteries, (glossopharyngeal nerves).

• Along both common carotid arteries.

2. Efferent component of the baroreceptor reflexes.
The efferent loop of the baroreflexes are the sympathetic and parasympathetic fibers

of the autonomic nervous system. Cardiovascular actions of the autonomic nervous system
are listed in table 8.7.1.
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CAUSES OF BAROREFLEX DYSFUNCTION
Most conditions causing dysfunction of the autonomic nervous system also cause

depressed baroreflex function.

1. Age.
The efficacy of the baroreflexes declines with advancing age. Most of the age related

function decrease has occurred by 50-60 years of age [1].

2. Disease.
a. Congenital diseases.

Congenital diseases such as familial dysautonomia and other inherited autonomic
nervous system disorders are associated with abnormal baroreflexes.

b. Central nervous system disorders.
Diseases such as syringomyelia. multiple sclerosis, tabes dorsalis, and subacute com

bined sclerosis can all affect autonomic nervous system and baroreflex function.

Co Diabetes mellitus.
About 20-30% of elderly diabetic patients have some degree of autonomic neuropa

thy and deficient baroreflex function [2].

d. Hypertension.
Chronic arterial hypertension is frequently associated with deficient baroreflex func

tion [3,4].

e. Hypothyroidism.
Most, ifnot all, clinically myxedemic patients have deficient baroreflexes [26].

f. Heart failure.
Patients with chronic heart failure have a reduced heart rate response to sympathetic

stimulation and physical exertion [28,29]. That is, they have deficient baroreflex function.

3. Drugs.
Most drugs currently employed for the treatment of arterial hypertension inhibit or

block the function of one or more parts of the sympathetic nervous system. Some of these
drugs, e.g. the B-adrenoreceptor blocking drugs, alpha-methyldopa, ganglion blockers,
reserpine, labetalol, and prazocine [5], have all been shown to depress baror~flex function.

4. Anaesthetic drugs.
Most drugs used for general anaesthesia depress baroreflex function. This is either

due to a non-specific central nervous system depression or ganglion blockade.

a. Hypnotic drugs.
Thiopentone [6], althesin [8], diazepam [9,10], and midazolam [10] all depress

baroreflex function in humans, an effect also observed as a result of methohexital ad
ministration to cats [7], and pentobarbital to dogs [15]. Baroreflex depression is most like
ly a property common to all hypnotic drugs due to the central nervous system depression
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they cause. One exception is ketamine which actually increases central nervous system ac
tivity, in addition to increasing the plasma noradrenaline concentration [11].

b. Anaesthetic gases.
Nitrous oxide [12], halothane [13], isoflurane [14], and enflurane [12], have all been

shown to depress baroreflex function in humans. This may be a property common to all
general anaesthetic gases because of the central nervous system depression that they
cause. One exception to this rule may well be diethyl-ether which actually increases sym
pathetic nervous activity, elevating the plasma noradrenaline concentration in direct
proportion to the diethyl-ether concentration administered [16].

c. Muscle relaxant drugs.
In addition to the neuromuscularjunctionblockadewhich is the reasonfor using these

drugs, some of these drugs also can cause a degree ofautonomic nervous system ganglionic
blockade.

D-tubocurarine produces a clinically significant degree of autonomic ganglionic
blockade which is maximal at a dosage within the usual clinical range of about 0.5 mglkg
body weight [17]. It is the muscle relaxant drug causing the greatest degree of ganglionic
blockade. A related drug metocurine produces a lesser degree of blockade [17].

Gallamine, alcuronium, pancuronium, atracurium, and vecuronium cause no signific
ant degree of ganglionic blockade when used in clinically employed dosages [17]. In con
trast to the above, suxamethonium, a depolarizing neuromuscular junction blocking drug,
is a weak ganglionic stimulant [17].

d. Opiates.
Little to no investigation has been performed on the effects of opiates on baroreflex

function.

DIAGNOSIS OF DEPRESSED BARORECEPTOR FUNCTION [27]
Diagnosis is based on clinical suspicion which may then be confirmed by a variety of

simple clinical tests that the anaesthetist may carry out at the bedside to confirm the diag
nosis.

1. Clinical suspicion and history.
Ifa person is elderly, or has any disease associated with defective baroreflex function,

then the anaesthetist should suspect some degree ofbaroreflex dysfunction.
Specific enquiry as to symptoms which are typical manifestations of deficient baro

reflexes should be made. Enquire as to the occurrence of;

• syncope or dizziness while straining on the toilet,
• postural, or orthostatic hypotension, postural syncope,
• persistent tachycardia or bradycardia,
• peripheral oedema.
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2. Tests of parasympathetic function.
Cardiac parasympathetic fibers control the beat-to-beat regulation of heart rate,

i.e. the R-R interval. The simplest test of abnormal parasympathetic function is to look for
the presence of sinus arrhythmia.

Normally the heart rate varies during the respiratory cycle. But the heart rate ofper
sons with deficient baroreflexes does not vary, or varies only minimally. In normal persons,
the variation ofheart rate is most pronounced during slow inspiration and expiration. The
variation in heart rate may be detected by feeling the pulse, or better yet, observing the
BCG during several slow respirations. At a respiratory rate of six breaths per minute, a 15
beats/minute variation of heart rate is normal. A heart rate variation of less than 10
beats/minute is abnormal.

3. Tests of sympathetic function.
Regrettably sympathetic nervous system function cannot be tested separately. But

tests of integrated cardiovascular responses in which the sympathetic nervous system
reflexes play an essential role are possible.

One such test is the lying-to-standing blood pressure and heart rate changes. The
patient rests in bed for some time and then is requested to stand. Prior to standing, and im
mediately after standing, both the systolic blood pressure and the heart rate are measure
d. Normally the systolic blood pressure falls less than 30 mmHg. Changes greater than this
cause clinical symptoms, and are indicative of deficient baroreflex function. Immediately
on standing the heart rate increases. This does not occur in patients with deficient
baroreceptor reflexes. Heart rate changes may be measured with a finger on the pulse, but
BCG monitoring is more accurate.

PROBLEMS DUE TO DEPRESSED BAROREFLEX FUNCTION
1. Reaction to position changes.

Sudden alterations ofbody position, e.g. from lying to standing, as well as some posi
tions such as prolonged standing, or the antitrendelenberg position, can cause hypotension
in persons with deficient baroreflex function. As is to be expected by the above discussion,
general anaesthesia further exacerbates this problem.

2. Reaction to hypovolaemla.
Hypovolaemia reduces the pressure in all parts ofthe cardiovascular system. Normal

ly this causes abaroreflex mediated increase ofheart rate, myocardial contractility, and sys
temic vascular resistance, all of which tends to maintain a normal arterial blood pressure
and cardiac output [18]. Canine experiments have shown that the reduction ofblood pres
sure with increasing percentage loss of circulating blood volume is three times greater in
dogs whose carotid and aortic baroreceptors are denervated, than in dogs in whom the
receptor innervation is intact [15]. This correlates well with the clinical observation that
patients with deficient baroreflex function or autonomic neuropathy tolerate hypovolaemia
poorly, becoming hypotensive at a smaller percentage circulating volume deficit than nor
mal patients. General anaesthesia further exacerbates this problem.

3. Reaction to spinal and epidural anaesthesia.
Both epidural and spinal anaesthesia cause autonomic afferent and efferent nervous

blockade in the segments blocked by the regional anaesthetic technique
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employed. Vasodilation in the blocked region increases the volume of the vascular system
relative to the blood volume, causing a relative hypovolaemia [see chapter 14.4]. Because
ofthe relative hypovolaemia, plus the loss of the ability to constrict the blood vessels in the
blocked region of the body, patients under spinal and epidural anaesthesia become more
hypotensive for agiven degree ofblood loss thanpatientswho do not undergosuch ananaes
thetic technique [see chapter 14.4].

Patients with deficient baroreflexes may be expected to develop a more profound
hypotension in response to these forms ofanaesthesia, as neither the vascular resistance in
the unblocked regions of the body, nor the heart rate can be elevated sufficiently to main
tain the arterial blood pressure by the remaining defective baroreflex function.

4. Reaction to general anaesthetic drugs.
Most general anaesthetic drugs depress the baroreflexes. Administration of any such

drugs will of course exacerbate any existing baroreflex deficit. Clinically this is observed as
a rather more pronounced drop of blood pressure due to general anaesthesia than would
normally occur, togetherwith a minimal change in heart rate during events likely to produce
this, e.g. hypovolaemia, induction of anaesthesia, pain etc.

5. Reaction to controlled ventilation.
Controlled ventilationusing intermittent positive pressure ventilation (IPPV), causes

a reversal of the normal pattern ofvenous return. During spontaneous respiration venous
return is greatest during inspiration, as this is the time when the intrathoracic pressure is
lowest. Cardiac output is highest at the beginning ofexpirationwhen the intrathoracic pres
sure increases left atrial filling by forcing blood out of the pulmonary vessels.

IPPV reverses this pattem Most venous return occurs during expiration as it is at this
time that the intrathoracicpressure is at its lowest during the respiratory cycle, and the peak
cardiac output occurs at the beginning of inspiration [19]. Cardiac output during IPPV is
lower than that occurring during spontaneous respiration, the output being inversely
proportional to the respiratory minute volume [20]. The reason is simple. IPPV elevates
the mean intrathoracic pressure, and this reduces venous return. The greater the minute
volume, the greater the mean intrathoracic pressure, and so the less the venous return, and
hence cardiac output. Continuous positive pressure ventilation (CPPV), that is IPPV with
positive end expiratory pressure (PEEP), decreases the cardiac output even further, car
diac output being inversely proportional to the level of PEEP applied [21,22,23].

Venous return during IPPV is maintained by venous constriction. During inspiration,
blood accumulates in the veins, as entry into the thorax is limited by elevated intrathoracic
pressure. The veins distend elastically, and the intravenous pressure rises. During expira
tion the veins empty like full balloons, forcing the blood into the thorax. The rate of rise of
venous pressure, and the pressure attained is a function of the venous constrictor tone. H
there is a degree of venous constriction, the elevation of intravenous pressure per unit
volume ofblood entering the veins will ofcourse be high. During IPPV, venous constrictor
tone is elevated. This is because the elevated intrathoracicpressure decreases intrathoracic
vascular and cardiac transmural pressure gradients, reducing the degree of stretch of the
baroreceptors, increasing afferent baroreceptor fiber activity, which causes venous con
striction. The latter enhances venous return, so that it is maintained during IPPV.

Loss ofthis manifestation ofthe baroreflexes (sometimes called the "Valsalvareflex"),
causes hypotension and low cardiac output in affected patients when IPPV is commenced.
This occurs in all those whose baroreflexes have beeninhibitedby massive drug overdosage,
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those with deficient baroreflexes due to disease. patients who have been administered
vasodilator drugs, extremely deep general anaesthesia, etc.

6. Reaction to vasoactive drugs.
The normal baroreflex response to administration of vasodilator drugs is to cause a

tachycardia, and the reverse occurs after administration ofvasoconstrictors. These effects
are modified by administration of sympathetic nervous system blocking drugs, and disor
ders affecting the autonomic nervous system.

Sympathetic dennervation, sympathetic nervous system degeneration, or administ
ration of drugs which block the release of noradrenaline from the sympathetic nerve ter
minals (e.g. guanethidine. reserpine. alpha-methyldopa etc). causes the concentration of
postsynaptic adrenergic receptors to increase [24]. Hypersensitivity to the effects of
adrenoreceptor stimulating drugs occurs in situations where the number of postsynaptic
adrenergic receptors is increased, but not blockedby any drug. This accounts for the greater
response of hypertensive [25] and diabetic patients to catecholamines, in particular to
vasoconstrictors.

ANAESTHETIC MANAGEMENT
Preoperative.
1. The anaesthetist should always suspect the presence ofdeficient baroreflexes in suscep
tIble categories ofpatients.

2. Correct any preoperative hypovolaemia. This will exacerbate the deleterious
haemodynamic effects of existing baroreflex function deficits.

Anaesthesia.
1. Maintain normovolaemia.

2. Spinal and epidural anaesthesia should only be administered on indication, as these two
regional anaesthetic techniques will cause a greater than usual degree of hypotension in
patients with deficient baroreflexes. Other forms of regional anaesthesia are not contra
indicated.

3. Some points are worthy ofmentionwhenconsidering general anaesthesiaofpatientswith
deficient baroreflexes.

a. IPPV, and especially PEEP. may cause hypotension. For this reason, use low ventilation
pressures, so as to minimally impede venous return.

b. Only use drugs which cause minimal cardiovascular depression [see chapter 2.1].

4. Administer vasoconstrictor or inotropic drugs as required.

Postoperative.
Postoperative care depends on the nature ofthe surgeryperformed and the condition

of the patient.
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Part 9

RENAL DYSFUNCTION

Abnormal renal function canprofoundly affect the reactionofapatient to surgery and
anaesthesia. However nothing can be done to cure existing renal dysfunction in the
perioperative period, but much can be done to prevent further deterioration of renal func
tion, and to minimize the detrimental effects of anaesthesia and surgery on renal function.

This section discusses those aspects of renal dysfunction which are relevant to
perioperative management

1. Clinical assessment of renal function.

2. Effects of surgery and anaesthesia on renal function.

3. Recognition and management of imminent, or developing renal dysfunction.

4. Perioperative management of the patient with existing renal failure.
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Chapter 9.1

ASSESSMENT OF RENAL FUNCTION

A good working knowledge of the clinical assessment of renal function is of con
siderable use for effective perioperative management ofpatients with renal disease. Renal
function is usually assessed by measurement ofurine output, specific gravity, and osmolal
ity, as well as plasma creatinine and urea concentrations and clearances.

URINE OUTPUT
The main function of kidneys is to eliminate non-volatile waste products from the

body by excreting them in aqueous solution. The normal adult human urine output is about
1500 mls/day, which for the "average" adult is a urine production of about 70+ mls/hour,
or about 1+ IDl/kWhour. Oliguria is defined as aurine production less than 0.5 IDl/kWhour.

Urinary water loss is minimized by renal concentration of urinary solutes. As urine
cannot be infinitely concentrated, a given daily urinary solute load can only be excreted in
a minimum volume of urine. If the daily urine volume is less than the minimum required
to excrete this solute load, these solutes accumulate in the body, (principally ammonium
chloride, urea, uric acid, sodium chloride, potassium chloride, and creatinine). The maxi
mum urinary concentration possible for most persons with normal renal function is 1400
mosm/1, and so the minimum daily volume ofurine required to excrete a given daily urine
solute load is given by equation 1[8].

Minimum urine output =0.714 x Solute production .•.(1)
(mis/day) (mosm/day)

The average daily solute production and associated minimum daily urine volume for
"average adults" under various conditions are shownin table 9.1.1. This table also shows the
considerable reduction ofurinary solute production caused by rest and fasting. In addition
it shows the efficacy of glucose ingestion in reducing protein metabolism, and hence in
reduction of the production of the products ofprotein catabolism, (urea, ammonia), which
are all excreted in the urine. However it should be noted that the "protein sparing" effect
of glucose infusions is absent after major surgery, trauma or sepsis [9,10].

A daily urine production of 500 mls/day (20 mls/hour) is usually considered a mini
mum diuresis for adults who have undergone major surgery or trauma, and who are septic.
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Table 9.1.1.
Average daily solute production and minimum urine production for
"average" adults under various circumstances [8].

Solute production
(mosm/day)

Minimum urine
volume (mis/day)

Average activity level, 1200 860
diet. and water intake

Resting. no food, and only 730 520
water to drink

Resting, no food but for 312 223
100 gms glucose/day, plus
water to drink

URINE SPECIFIC GRAVITY & OSMOLALITY
The specific gravity (SO) ofurine gives a measure of the total amount ofsolute in the

urine. In the normal adult the urine SO may vary between 1.003 to 1.040 gm/ml urine.
The urine osmolality is also a measure ofthe total solute content ofthe urine, the nor

mal range being between 900 - 1400 mosmll urine.
The urine osmolality and SO are related, and urine osmolality may be calculated ap

proximately from the SO using equation 2 [1].

1000 x [SG(gm/ml) • 1)
Urine Osmolallty(mosm/l) = ......(2)

0.0318

There is adiurnalvariation in the rate ofurine production, more urine beingproduced
when awake than when asleep. A diurnal variation of the urinary SO and osmolality also
occurs, both increasing when the urine production faUs, and vice versa.

A typical feature of renal failure is loss of the ability to concentrate urine. Because of
this there is no diurnal change in urinary concentration, and the urine that is produced has
the same SO and osmolality as deproteinated plasma. The SO in persons with renal failure
remains constant at about 1.010 gtml, and the osmolality at about 281-297 mosmll.
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CREATININE AND UREA CONCENTRATIONS AND CLEARANCES
1. Urea [2].

Urea enters the urine in the glomerular filtrate. There is usually a constant fraction
al absorbtion of urea in the tubules. Accordingly the plasma urea concentration provides
some idea of the glomerular function. But the renal handling of urine varies, fractional
tubular urea resorbtion varies with renal disease, and the urine production. Because urea
is one of the end products ofprotein metabolism and is synthesized in the liver, severe liver
disease results in a diminished urea production, and a low plasma urea concentration. Low
dietary intake ofproteins also causes the plasma urea concentration to be low.

This places a number of limitations on the use ofurea as a measure of renal function.
While plasma urea concentration does correlate reasonably well with the presence of
uraemic encephalopathy symptoms, it does not always give an accurate idea of the renal
function. The same considerations apply to the urea clearance.

2. Creatinine.
Creatinine is a product of creatine phosphate metabolism in muscle. The production

of creatinine is relatively constant and is minimaJly dependent upon the level of muscular
activity or protein intake and catabolism. But creatinine production is directly related to
the muscle mass, muscular persons having a higher plasma creatinine concentration than
non-muscular [2].

a. Plasma creatinine concentration.
Excretion of creatinine is almost exclusively through the glomeruli, with only mini

mal tubular secretion occurring, and no absorbtion. The plasma concentration under
STEADY STATE CONDmONS is therefore a true reflection of the balance between
creatinine production and the glomerular filtration rate. Under these conditions, a halving
of glomerular filtration rate is associated with a doubling of the plasma creatinine con
centration [2].

Plasma creatinine concentration is not a true reflection ofglomerular function under
some common clinical circumstances.

• During acute change ofglomerular function the plasma creatinine concentration
does not correlate well with the reduction ofglomerular filtration, as it takes time
for a new equilibrium between production and excretion to occur [2,3].

• Plasma creatinine concentration is also not a true reflection ofglomerular func
tion in the wasted, elderly, bedridden patient. The plasma creatinine concentrat
ion may be normal, despite quite abnormal glomerular function, as the muscle
mass of these patients is so reduced that only small amounts of creatinine are
produced.

b. Creatinine clearance.
For the above reasons, the creatinine clearance is the better estimate of glomerular

filtration rate. Because ofthe inaccuracy and sometimes difficulties associated with the col
lection ofthe urine required for determination ofthe endogenous creatinine clearance, for
mulae have been devised for calculation of the creatinine clearance from the plasma
creatinine concentration. These formulae are obviously only valid under steady state con
ditions with relatively constant glomerular function. One such formula is equation 3. This
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formula is for calculation of the creatinine clearance in males, the value for females being
15% less than that calculated for males [4].

(140· AGE) xWEIGHT
Crc = (3)

0.814 x[Cr]p

Normal range for creatinine clearance is 80-120 mlsIminute.
Cre = Urinary creatinine clearance in mlsIminute.
(Cr]p =plasma creatinine concentration in mmoVl.
AGE =age ofpatient in years.
WEIGHT = body weight of patient in kg.

ASSESSMENT OF RENAL FUNCTION IN ACUTE SITUATIONS
The situation frequently arises during the management ofacutely ill patients that it is

desirable to rapidly assess the degree of any possible renal function impairment

1. Urine production.
In present day clinical practice the urine production rate is used as the cardinal in

dicator of hour to hour changes of renal function. But this is not always accurate, as non
oliguric renal failure is a well recognized clinical entity. Clinical studies have shown that
about 40% of patients with acute renal failure due to trauma, rhabdomyolysis, hypovol
aemic hypotension, low cardiac output, or postoperative renal failure, have non-oliguric
renal failure [5,6]. Obviously, while oliguria and anuria are good indicators when present,
the absence of oliguria does not mean that the renal function is not impaired.

2. Plasma urea and creatinine concentrations.
At least one day must elapse before any significant elevation of either the plasma

creatinine or urea occurs as a result ofsudden total loss of renal function. It is obvious that
relying on these parameters is of no use in acute situations where it is desired to measure
the change of renal function on a nearly hour-to-hour basis.

3. Creatinine clearance.
Ofthe tests mentioned above, only the 1-2 hour creatinine clearance provides a rapid

and accurate measure ofglomerular function [7].1be performance ofa 1-2hour creatinine
clearance does require that the patient have a urinary catheter in-situ for accurate urine
collection. Creatinine clearance is then calculated using the usual formula for urinary
creatinine clearance, equation 4.

[Cr]uxVu
Crc = .........(4)

[Cr]pxTlme

Normal creatinine clearance is 80-120 mlsIminute.
Cre =urinary creatinine clearance in mlsIminute.
[Cr]u =urinary creatinine concentration in mmoVl.
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[Cr]p = plasma creatinine concentration in mmol/l.
Time = duration of urine collection in minutes.
Vu = volume of urine sampled in the collection time in mls.
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Chapter 9.2

EFFECTS OF ANAESTHESIA AND SURGERY ON RENAL FUNCTION

Both anaesthesia and surgery may have a marked effect on renal function. These ef
fects may adversely affect renal function, and must be taken into account when administer
ing anaesthesia to patients with already compromised, or threatened renal function. Every
effort must be made to prevent further deterioration of renal function, or renal failure.

EFFECTS OF TRAUMA AND SURGERY
1. Redistribution of blood flow.

Trauma, surgery, and hypovolaemia all increase sympathetic nervous system activity
which causes a redistnbution ofintrarenal blood flow. While the total renal blood flow may
decrease or remain the same, blood flow to the cortical regions decreases relative to the
medullary blood £low [1,2]. This is called "cortico-medullary shunting" [2]. Cortical
nephrons constitute about 60% of the nephrons, and have short loops of Henle. They are
not able to concentrate urine to the same degree as thejuxtamedullarynephronswhich have
long loops of Henle and vasa rectae which extend deep into the renal papillae. According
ly the result of a relative decrease of cortical blood flow is a reduction ofurine output and
sodium retention. Evidence that perioperative sodium retention is most likely to be due to
increased sympathetic nervous system activity, is provided by the fact that perioperative
sodium, but not water retention, is reversed by epidural anaesthesia sufficient to block the
renal sympathetic nerves which arise from thoracic spinal roots Tlo-T12 [2].

2. Hormonal secretion.
a.lncreased adrenal hormone secretion.

Trauma and surgery increase adrenal secretion of glucocorticoids, aldosterone, and
catecholamines. The net effect of this is sodium and water retention with increased potas
sium excretion.

b. Antidiuretic hormone (ADlI) secretion.
Trauma and surgery greatly increases the secretion of ADH, an effect which is unre

lated to the presence or absence ofhypovolaemia, as it is unable to be influenced even with
relatively large degrees of fluid loading [3]. Increased ADH secretion causes retention of
water only. Some proof that perioperative water retention is hormonally caused, most like
ly due to the increased ADH secretion, is furnished by the observation that perioperative
water retention is unable to be reversed with epidural anaesthesia sufficient to block the
renal sympathetic nerves and reverse perioperative sodium retention [2].
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FIGURE9.2.1. -Urine output is related to the mean arterial bloodpressure innormal patients,
head injured patients, hypovolaemic patients, and patients in cardiogenic shock. The data are
derived from Lauson,H.D., et al.,(1944) [4], and Mir,M.A., et al.,(1974) [19].

3. Hypotension, hypovolaemla, & renal circulatory arrest.
Urine output is directly related to the glomerular filtration rate. This in tum is a func

tion of the glomerular filtration pressure, i.e. the pressure difference between the
glomerular capillaries and Bowman's capsule.

PGF =PGC· Pac· COP

PGF = glomerular filtration pressure in mmHg.
PGC = mean glomerular capillary pressure in mmHg.
Pac = Bowman's capsule pressure in mmHg.
COP = colloid osmotic pressure in mmHg.

As the human COP is normally about 25 mmHg and the Bowman's capsularpressure
is estimated to be about lQ..15 mmHg [9], glomerular filtration and urine production in
humans will theoretically cease at a mean blood pressure of about 40 mmHg, and will in
crease in direct proportion to any increase ofblood pressure above this. Indeed it has been
found that urine output in humans ceases when the mean arterial blood pressure (MABP)
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FlGURE 9.2.2. - Urine output is related to the cardiac index ofnormal patients, head injured
patients, and patients with hypovolacmia ofvarying degrees. The data arc derived from Lauson,
RD., et al.,(l944) [4).

falls below 40-50 mmHg, or the cardiac index falls below 1.8 Vmin/m2 [4]. Urine output in
creases in direct proportion ~o the blood pressure above an MABP of 45 mmHg, or a car
diac index above 1.8 Vmin/m [4]. These relationships are shown in figures 9.2.1 and 9.2.2.

Human kidneys can tolerate a period of at least 30 minutes of nonnothermic cir
culatory arrest, (warm ischaemia), without any significant permanent functional impair
ment [5, see figure 9.2.3], or permanent pathological changes [17]. If renal ischaemia is
prolonged more than 30 minutes, the chance of renal failure increases with increasing is
chaemia time [17].

In the opinion of the author, prolonged hypotension lasting more than an hour, with
an MABP less than 45-50 mmHg, or the cardiac output reduced below 1.8 Jlmin/m2 is very
likely to cause acute renal failure. Support for this contention is not to be found in human
research. But some supportive evidence is provided by canine renal transplant investiga
tions, where kidneys removed from dogs subjected to normothermic hypovolaemic
hypotension at an MABP of50 mmHg for a period of one hour prior to nephrectomywere
unable to be successfully transplanted. But kidneys removed from dogs whose MABP due
to hypovolaemic hypotensionprior to nephrectomywas 60mmHg were able to be successf
ully transplanted [6].

It shouldbe carefully notedby the reader that the hypotensionthat hasbeen discussed
up till now in this section is due to hypovolaemia or circulatory shock. Cardiac output is
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decreased below normal inboth of these conditions. Pharmacologically induced controlled
hypotension during anaesthesia is quite different, as the cardiac output is well maintained.
and may even be increased above normal [see chapter 2.7]. This is also confirmed by the
finding that postoperative renal function in healthyyoung adults is unimpaired byprofound
sodiumnitroprusside inducedhypotensiondown to arterialpressures as lowas 40/25 mmHg
for periods of 1 to 3 hours [18]. Therefore when considering the effects of hypotension on
renal function, the prime consideration is whether the condition causing hypotension is as
sociated with a reduction of cardiac output.

Table 9.2.1. shows these critical physiological thresholds below or above which renal
damage or failure may occur.

EFFECTS OF ANAESTHESIA
These are twofold, one the neuroendocrine effects, and two, the nephrotoxic effects

of anaesthetic drugs.
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Table 9.2.1.
Critical physiological thresholds which if exceeded may
cause, or be a manifestation of, renal damage or failure.
[see text for references]

Urine production < 0.3 mls/kg/hour

Cardiac index < 1.8 liters/n!/minute

MABP < 40-50 mmHg for more than 60 minutes
(For hypotension due to shock or hypovolaemia)

Renal circulatory arrest (37°C) > 30-60 minutes

1. Neuroendocrine and Cardiovascular effects.
a. Normotensive general anaesthesia.

Normotensive general anaesthesia has minimal effects on urine output and electro
lyte excretion, while surgery always has aprofound effect, as has been shown by fluid load
ing experiments with human subjects under anaesthesia, prior to, and during surgery [7].

Despite the above, renal blood flow is reduced to agreater or lesser degree bygeneral
anaesthesia, renal blood flow decreasing as much as 50-10% during deep diethyl-ether or
cyclopropane anaesthesia, while anaesthesia using a muscle relaxant-opiate-mechanical
ventilation technique causes less renal blood flow depression [1].

b. Spinal or epidural anaesthesia.
Spinal or epidural anaesthesia which blocks the renal sympathetic nerves which arise

from TlO-Tl2, blocks sodium retention due to surgery or trauma, but not the water reten
tion [2]. Perioperative water retention is mainly due to ADH secretion [see previous
paragraphs].

Co Effects of controlled ventilation.
Controlled ventilation without PEEP causes NO change of renal function. But IPPV

with PEEP of 10 em iliO may reduce the cardiac output by 15% of the control value prior
to PEEP, the glomerular filtration rate by 19%, and the urine output by 34%. PEEP also
significantly increases the plasma concentrations of renin, aldosterone. and ADH
[8]. Discontinuation ofPEEP reverses these changes.

d. Hypotension during anaesthesia.
Urine output is directly proportional to the MABP. and when the MABP falls below

40-50 mmHg urine output ceases [see above]. Controlled hypotension in normovolaemic
patients under general anaesthesia also reduces the renal blood flow [16]. For a more
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detailed discussion see chapter 2.7 on hypotension and also the paragraphs on hypotension
during surgery in this chapter.

2. Nephrotoxic effects.
Nephrotoxic effects of anaesthesia are primarily due to fluoride ion produced by me·

tabolism of fluorinated hydrocarbon anaesthetic agents. Fluoride ion produces a polyuric
renal insufficiency characterized by hypotonic urine due to loss of tubular concentrating
ability, and a lack of response to ADH [10,11]. The threshold plasma concentration of in
organic fluoride ion required to produce this type of renal damage is about 33.6-40 mmoVI
in humans [10,12].

a. Methoxyflurane.
A total dose of more than 2.5 MAC hours causes clinical manifestations of fluoride

nephrotoxicity due to metabolism of a large percentage of the total administered dose of
methoxyflurane [10].

b. Enflurane.
One ofthe products ofenflurane metabolism is inorganicfluoride ion. Administration

of a total dose of 2 MAC hours of enflurane results in a peak inorganic fluoride concen
tration after 2 hours of 17.4 mmoVI [13], while anaesthesiawith a total enflurane dosage of
9.6 MAC hours results in a peak fluoride ion concentration6hours after anaesthesia of33.6
rnrnoVI [12].

Liver enzyme inducing drugs such as isoniazid can increase the percentage of
enflurane metabolized to such a degree, that nephrotoxic plasma fluoride ion concentrat
ions may be developed, which can cause slight renal dysfunction [14].

Co Halothane.
Metabolism of halothane also produces inorganic fluoride ion, but the plasma con

centrations produced even after a total dose of 13.7 MAC hours in man are not sufficient
to impair renal function [12], even when the patients are obese, and the metabolism of
halothane is increased [15].

d. Other anaesthetic drugs.
Other drugs used in anaesthesia have no specific nephrotoxic effects.
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Chapter 9.3

THREATENED RENAL FAILURE

Renal function may be threatened by a variety of disorders. If the potential threat is
not recognized in time and corrective measures taken, acute renal failure with all its con
sequences may occur.

SOME CAUSES OF ACUTE RENAL FAILURE
Some common causes of acute renal failure are listed below.

• Critical levels in table 9.2.1 have been exceeded.
• Postoperative - due to hypovolaemia.
• Failure of transplanted kidney.
• Toxin or drug induced.
• Traumatic and nontraumatic rhabdomyolysis.
• Septicaemia.
• Prolonged hypovolaemia and/or decreased cardiac output.
• Massive haemolysis.
• Hypercalcaemia.
• Hepatic failure.

RECOGNITION OF THREATENED RENAL FAILURE
Diagnosis of threatened renal failure is at first byclinical suspicion, subsequently con

firmed by observation and laboratory tests.

1. The patient has a disorder which may cause renal failure.
All patients with any of the problems listed above are potential candidates for

developing renal failure. They should be monitored carefully.

2. The presence of oliguria or anuria.
The development ofoliguria, despite normovolaemia, or even hypovolaemia may in

dicate that renal failure is developing. But this is not always accurate. Oliguria or anuria
may occur due to a variety of causes.

• Low cardiac output
• Induced, or pathologically low blood pressure.
• Hypovolaemia.
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• Increased ADH secretion due to surgery or trauma.

Some patients are oliguric because ofexcessive antidiuretic hormone excretion. This
may be recognized by a simple test that may be performed in normovolaemic or hyper
volaemic patients. Intravenous administration of about 10-20 mg of frusemide to a nor
movolaemic or hypervolaemic adult will induce a large diuresis if the cause of oliguria is
not renal failure. But this low dose of frusemide will induce only a minimal diuresis in
hypovolaemic patients, or those who are developing renal failure.

3. Two hour creatinine clearance.
The two hour creatinine clearance is the most accurate method of diagnosis of acute

renal dysfunction. Ifall other indications ofrenal dysfunction are dubious, this will provide
adefinite result as to whether the clinical suspicion ofacute renal dysfunction is indeed jus
tified.

MANAGEMENT OF THREATENED RENAL FAILURE
Any patient with threatened renal failure should be aggressively treated in order to

minimize or prevent renal failure. Even if these measures do not avert the occurrence of
acute renal failure, they may at least prevent the renal failure beingofthe oliguric type [16].
Oliguric renal failure is associated with both a higher mortality and morbidity than non
oliguric renal failure [1,16], and is therefore well worth preventing ifpossible.

The management of threatened renal failure may be divided into various facets, each
directed at treating one or more of the lesions causing renal failure.

1. Increase renal blood flow.
Increasing renal blood flow improves renal parenchymal oxygenation. Renal blood

flow may be elevated by increasing the arterial blood pressure, cardiac output, orboth. This
is done by treating the cause of the haemodynamic disorder such as, anaesthesia induced
hypotension, other forms ofdrug induced hypotension, hypovolaemia, and cardiogenic and
neurogenic shock. In all cases the final result aimed at is restoration of the cardiac output
and normal arterial blood pressure.

2. Increasing urine output.
Elevation ofthe urine output means that the renal tubular flow is also increased. This

has the theoretical, and perhaps even actual benefit, offlushing potentially toxic or damag
ing substances in the tubules out of the kidneys. In addition, the intra-tubular concentra
tions of these substances is reduced as a result of the increased urine volume with which
they are mixed.

The first priority in restoring or increasing urine production, is to correct any
haemodynamic disorder. This will usually reverse any oliguria that may be present.
Dehydration, hypovolaemia, and low cardiac output should be treated appropriately. In
cases where the blood pressure is reduced due to neurogenic shock, spinal or epidural
anaesthesia or vasodilator drugs, treatment consists of administration of a vasoconstrictor
drug.

Ifno haemodynamic disorder is present, or has been corrected, and oliguria persists,
a diuretic is indicated. The range ofsuitable drugs is limited, consisting of mannito~ a loop
diuretic or both. Low dosage dopamine may also be administered.
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a. Loop diuretics.
The most commonly employed diuretic of this type is frusemide. Loop diuretics in

hibit the sodium-potassium-chloride (Na-K-2CI), transport system in the loops of
Henle. This transport system accounts for up to 25% ofthe oxygen consumption of the kid
ney [2]. It has been theorized that administration of loop diuretics in adequate dosages, e.g.
frusemide 40 m'lflO kg Lv., may reduce renal oxygen requirements enough for a kidney with
reduced blood flow to survive a greater degree and duration ofhypoxia without acute renal
failure occurring [2].

During the development phase of acute renal failure, or if the development of renal
failure is thought likely, frusemide is indicated for the treatment ofoliguria But the patient
must neither be hypovolaemic, nor have a low cardiac output, as adiuresis will only exacerb
ate these disorders.

Frusemide does not modify the course of established acute renal failure, even when
administered intravenously in doses of up to 6 mWkg body weight [3]. Even when infused
directly into a renal artery ofpatients with established acute renal failure, frusemide has no
effect on total renal blood flow, its distribution, or the urine output [4].

b. Mannitol.
Mannitol is an osmotic diuretic. When administered to adults with normal renal func

tion in adose of0.25-1.0g/kg, it causes an increase ofrenal blood flow secondary to renovas
cular dilation as well as elevation of the cardiac output and blood pressure [5,8). A
pronounced diuresis occurs which is maximal by up to 20-40 minutes after commencing
rapid intravenous administration of mannitol [5]. Besides the beneficial local renal
haemodynamic effects, mannitol has many advantages when used in the management of
threatened, or developing renal failure.

Administration of mannitol increases the blood volume, central vascular pressures,
and the cardiac output. These changes reach their maximum towards the end of a rapid in
travenous infusion, after which they rapidly decline in magnitude after discontinuation of
the infusion [6,7].

Mannitol administered intraoperatively during human renal transplantation improves
the function ofthe transplanted kidney, as well as reducing the incidenceofacutepostopera
tive failure of the transplant [9]. This is probably due to the demonstrated preservation of
mitochondrial and cellular function by mannitol when administered prior to ischaemic in
jury [10]. The exact mechanism of this preservation of mitochondrial function is unclear,
but such an effect makes the use ofmannitol for prophylacticprevention ofischaemic renal
failure desirable. The dosage appropriate for this is between 0.25-1.0 glkg.

However administration of mannitol does sometimes have deleterious effects. Man
nitol always causes a degree of hyponatraemia, the plasma sodium concentration dropping
from 132 to 121 mmoVl after an intravenous infusion of 12.5 gms mannitol to an adult who
is able to excrete the administered dose of mannitol. Caution should be exercised when
considering administration of mannitol to normovolaemic persons who are oliguric or
anOOc due to actual renal damage. Hypervolaemia, hyponatraemia and hyperosmolar plas
ma occur if the mannitol is unable to be excreted because of existing renal damage
[11]. Renal failure can be caused by regular administration of about 400+ gms mannitol
per day [12].

In conclusion, mannitol appears to be the ideal drug for both promoting diuresis and
minimizing ischaemic renal damage when administered at a dosage of0.25-1.0 glkg to nor
movolaemic or hypovolaemic patients. But administration ofmannitol to an oliguric hyper-
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volaemic patient may cause acute circulatory overloading, and a loop diuretic is more ap
propriate in these patients.

c. Dopamine.
Dopamine in a dosage range of 2-7 lJ&Ikg/min elevates the renal blood flow both by

dilation of renal vasculature and increasing the cardiac output [13]. The result of these two
effects, plus perhaps some as yet undefined effect upon the renal tubules, is to cause a
diuresis [14]. When administered in the above dosage range to patients undergoing renal
transplantation, dopamine has also beendemonstrated to reduce the chance ofacute failure
occurring in the transplanted kidney [15].

The indications for dopamine are as an ajuvant to frusemide or mannitol, and as an
inotropic drug for oliguric normovolaemic patients with low cardiac output.

3. Depression of renal metabolism.
Renal metabolism may be depressed by depression of whole body metabolism, but

tbis also slows any recovery process too. The so called "loop" diuretics, such as frusemide,
ethacrynic acid and bumetanide reduce renal oxygen consumption by up to 25% by inbibi
tion of the Na-K-2CI transport system. This does not affect any healing processes, and so
makes it more likely in theory that affected kidneys will survive any ischaemic episode [2].

ANAESTHETIC MANAGEMENT
Any patient likely to develop acute renal failure should be intensively monitored so

that rapid and effective measures may be taken at the least suspicion that renal failure may
be developing. Monitoring should consist ofcontinuous measurement ofurine outputusing
a urinary catheter, and the appropriate haemodynamic monitoring.

Anaesthesia.
Any form of anaesthesia appropriate for the patient and type of surgery may be

used. Avoid the use ofdrugs wbich may have nephrotoxic effects [see chapter 9.2], or cause
excessive cardiovascular depression [see chapter 2.1].

REFERENCES
1. Anderson,RJ., et al.,(I977), Nonoliguric acute renal failure. NEW ENGLAND JOURNAL OF

MEDICINE, 296, 1134-1138.
2. Feig.P.U.,(I986), Cellular mechanism ofaction ofloop diuretics: Implications for drug effectiveness and ad

verse effects. AMERICAN JOURNAL OF CARDIOLOGY, S7, 14a-19a.
3. Kleinknecht,D., et al.,(1976), Furosemide in acute oliguric renal failure. A controned trial. NEPHRON, 17,

51-58.
4. Epstein,M., et al.,(197S), Effect of intrarenal furosemide on renal function and intrarenal hemodynamics in

acute renal failure. AMERICAN JOURNAL OF MEDICINE, 58, 510-516.
5. Jambcrg,P-Q., et al.,(l978), Acute effects of furosemide and mannitol on renal function in the early pos

toperative period. ACfA ANAESTHESIOLOGICA SCANDINAVICA, 22,173-183.
6. Jarnbcrg,P-O.,(I978), Acute effects of furosemide and manitol on central hemodynamics in the early pos

toperative period. ACfA ANAESTHESIOLOGICA SCANDINAVICA, 22, 184-193.
7. Rudchill,A., ot al.,(I983), Effects ofmannitol on blood volume and central hemodynamics in patients under

going cerebral aneurism surgery. ANES'IlIESIA AND ANALGESIA, 62, 875-880.
8. Jobnston,PA., et al.,(1981), Prostaglandins mediate the vasodilatory effect ofmannitol in the hypoperfuscd

rat kidney. JOURNAL OF CUNICAL INVESTIGATION, 68, 127-133.



366 Chapter 9.3

9. Roland,G.W.L., et aL,(1985), Prevention ofacute tubular necrosis incadaveric kidney transplantation by the
combined use of mannitol and moderate hydration. ANNALS OF SURGERY, 201, 246-25L

10. Schrier,R.W., et aL,(1984), Protection of mitochondrial function by mannitol in ischemic acute renal
failure. AMERICAN JOURNAL OF PHYSIOLOGY, 'lA7, F36S-F369.

11. Berry,AJ., Peterson,ML.,(1981), Hyponatremia after mannitol administration in the presence of renal
failure. ANESTHESIA AND ANALGESIA, 60, 165-167.

12. Goldwasser,P., Fotino,s.,(l984), Acute renal failure followiDg massive mannitol infusion. Appropriate
response of tubul~omerular feedback? ARCHIVES OF INTERNAL MEDICINE, 144, 2214-2216.

13. Goldberg,L.I.,(19'n), Cardiovascular and renal actions of dopamine: Potential clinical applica
tions. PHARMACOLOGICAL REVIEWS, 'lA, 1-29.

14. Hilberman,M., et aL,(I984), The diuretic properties of dopamine in patients after open-heart operation
ANESTHESIOLOGY, 61, 489-494.

15. Grundmann,R., et aI.,(1981), Effect ofhypotension on the results ofkidneystorage and the use ofdopamine
under these circumstances. TRANSPLANTATION, 32, 184.

16. Shin,B., et a1.,(l979), Postoperative renal failure in trauma patients. ANESTHESIOLOGY, 51, 218-221.



Renal failure 367

Chapter 9.4

RENAL FAILURE

Renal failure may eitherbe acute or chronic.Theproblems due to bothforms ofrenal
failure are similar, except that patients with chronic renal failure have also developed the
long term problems of renal failure. The problems associated with renal failure are due to
loss ofthevarious functions ofthe kidney.Themost importantconsequences forperioperat
ive management are listed below.

1. Minimal, or no ability to excrete a given solute load.
2. Patients with oliguric renal failure are unable to excrete a water load.
3. Loss of the metabolic and hormone producing functions of the kidney such as;

a. production of renal erythropoietic factor which is required for activation of
erythropoietin,

b. production of renin,
c. regulation of acid-base homeostasis,
d. hydroxylation of 25-hydroxycholecalciferol into 1,25-dihydroxycholecalciferol which

is required for intestinal calcium absorbtion, etc.

The problems due to renal failure which affect anaesthetic practice and perioperative
management are discussed in the rest of this chapter.

PROBLEMS DUE TO RENAL FAILURE
1. Abnormal fluid balance.

Patients with oliguric renal failure are unable to eliminate more water per day than
is permitted by their maximal urine output, respiratory, sweat and insensiblewater loss, and
this predisposes to the developmentofhypervolaemia. Becauseofthis, oliguric renal failure
is associatedwith a significantly higher incidence ofpulmonary oedema than is non-oliguric
renal failure [1].

Both oliguric and non-oliguric renal failure patients are at risk of hypovolaemia due
to excessively strict water restriction.

Both groups ofpatients may be subject to regular dialysis. Dialysis cancause profound
fluid shifts in the body, either hypervolaemia or hypovolaemia may occur.

Because of the difficulties in maintaining normovolaemia, especiallywhen large fluid
compartment shifts occur during major surgery, monitoring ofcentral vascular filling pres
sures with either a central venous or pulmonary artery catheter is required. Use of such
monitoring enables efficient blood and fluid replacement to be carried out, and minimizes
the risk ofeither hyper- orhypovolaemia. Maintenance ofnormovolaemia in the periopera-
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tive period is essential, as hypovolaemia will cause further deterioration of remaining renal
function in some patients.

2. Hyperkalaemla.
Hyperkalaemia is common in patients with renal failure because of reduced ability to

excrete a given potassium load, although it is more common in patients with oliguric renal
failure than in those with non-oliguric failure [1J. This is not surprising, as if some urine
production is possible, evenurine that is not concentratedwill remove somepotassium from
the body.

The main problem due to hyperkalaemia is cardiac arrhythmias. ECG manifestations
of hyperkalaemia such as "peaking" of the T-wave occur when the plasma potassium con
centration is acutely elevated above 5.5 mmoVl. The potassium concentration correspon
ding with maximal myocardial excitability is thought to be about 6 mmoVl, the myocardial
excitability decreasing at concentrations above and below this [2]. A differentiation should
always be made between acute, (developing over minutes to hours), and chronic hyper
kalaemia, (developing over days). Acute hyperkalaemia is much more likely to cause car
diac arrhythmias than chronic hyperkalaemia [2]. The other effects of hyperkalaemia and
its therapy are discussed fully in chapter 12.4 on hyperkalaemia.

Administration of a dose of 1-2 mg/kg of suxamethonium to normokalaemic healthy
patients causes the plasma potassium to rise by about 0.35-1.0 mmoVl [3]. The same dosage
of suxamethonium administered to normokalaemic patients with renal failure causes the
plasma potassium to rise no more than in normal persons, and use of this drug is therefore
not contraindicated in this group ofpatients [4J. But suxamethonium is contraindicated in
all patients with preoperative hyperkalaemia, as the elevation of the potassium concen
tration that it induces may be sufficient to cause dangerous cardiac arrhythmias.

Other muscle relaxant drugs do not affect the plasma potassium concentration. But
an elevated plasma potassium concentration, in the presence of normocalcaemia and nor
momagnesaemia may reduce the activity ofnondepolarizing muscle relaxant drugs [5, and
see chapter 12.4J.

3. Hypocalcaemia.
Hypocalcaemia is common during renal failure, especiallyifthe patient is inadequate

ly treated. One of the principal reasons for this is deficient of renal conversion of dietary
vitamin-D to 1,25-dihydroxycholecalciferol which is the form of this vitamin necessary for
intestinal absorbtion of calcium.

Clinical manifestations of hypocalcaemia, such as tetany, or positive Chvostek's sign
or Trousseau's sign, occur when the total plasma calcium concentration is lower than 1.75
mmol/l. See chapter 125 for a more detailed discussion on hypocalcaemia.

Hypocalcaemiapotentiatesthe effectsofthe nondepolarizingmuscle relaxants, as cal
cium ion is required for the release of acetylcholine into skeletal muscle neuromuscular
junctions [5J.

4. Hypermagnesaemla.
Hypermagnesaemia occurs commonly in untreated, or inadequately treated, patients

with renal failure. Magnesium ion inhibits the release of acetylcholine at the neuromus
cular junction, decreases the response to acetylcholine at the motor end plate, and depres
ses muscle cell membrane excitability. The net result of all this is that hypermagnesaemia
potentiates the action ofboth nondepolarizing as well as depolarizing muscle relaxants, al-
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though the effect of the nondepolarizing relaxants are potentiated to a greater degree than
that of the depolarizing relaxants [6].

Treatment of the neuromuscular effects of bypermagnesaemia is to administer 0.5-1
gm of calcium gluconate or chloride intravenously.

5. Metabolic acidosis.
One ofthe functions ofthe kidneys is maintaining acid-base homeostasis. Amoderate

degree of metabolic acidosis occurs frequently in persons with chronic renal failure. Some
respiratory compensation always occurs, which minimizes the degree of this metabolic
acidosis.

Correction of mild acidosis is unnecessary, and even undesirable, for a number of
reasons.

a. Administration of sodium bicarbonate may precipitate hypervolaemia in anuric or
oliguric patients.

b. Many chronic renal failure patients are severely anaemic. Tissue oxygenation is main
tained by elevation ofthe cardiac output, and right-shifting ofthe oxyhaemoglobin dissocia
tion curve by both acidosis and elevation of the erythrocyte 2,3-diphosphoglycerate
concentration. Correction of acidosis causes left-shifting of the oxyhaemoglobin dissocia
tion curve, decreasing tissue oxygen delivery [see chapters 5.1 and 13.2].

6. Hyperurlcaemia.
Hyperuricaemia occurs due to areduced ability to excrete uric acid. Severe prolonged

hyperuricaemia may cause symptomatic gout. Dialysis is effective in removing uric acid
from the blood.

7. Hypertension.
Hypertension is a very common in patients with chronic renal failure. Severe chronic

hypertension causes further deterioration of any remaining renal function, in addition to
the other problems associated with hypertension [see chapter 2.6 on hypertension].

a.Anaemla.
Patients with chronic renal failure often have quite extreme degrees of anaemia. The

anaemia is normochromic and normocytic, the red cell life span is only slightly decreased,
and the reticulocyte count is normal, indicating that the red cell production rate is not in
creased by the anaemia. There are various causes of anaemia in chronic renal failure.

a. Low erythropoietin levels.
b. Slow iron incorporation into red cells.
e. The effect of uraemia on red cell production.
d. Loss ofblood by haemodialysis.
e. Some patients have a degree ofhaemolysis.

Anaemia reduces the oxygen carrying capacity of the blood, and as a result peripheral
oxygen transport is only able to be maintained by some ofthe factors listed below [see chap
ter 5.1 on anaemia].
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a. Acidaemia causing right-shifting of the oxygen-haemoglobin dissociation curve,
b. Increased red cell 2,3-diphosphoglycerate concentration causing right-shifting of the

oxygen-haemoglobin dissociation curve,
c. Increased cardiac output.

Provided that anaemia remains asymptomatic, no blood transfusion need be adminis
tered [see chapter 5.1 on anaemia]. Another reason for limiting the number ofblood trans
fusions is the fact that all patients with chronic renal failure inwestern countries are poten
tial candidates for renal transplantation. Blood transfusion increases the chance that they
will develop antibodies to foreign tissue types, and so increases the chance that they may
reject a transplanted kidney. In addition to this, blood transfusion is only of temporary
benefit, the elevation of the haemoglobin being only of short duration, disappearing once
the transfused red cells reach the end of their lifespan.

9. Cardiac problems.
These are secondary to all the above problems.

a. Cardiac arrhythmias due to hyperkalaemia, myocardial ischaemia, heart failure.

b. Heart failure due to hypertension, hypervolaemia, and coronary vascular disease, all of
which are exacerbated by anaemia.

c. Myocardial ischaemia which may be exacerbated by hypervolaemia, hypertension, heart
failure, and anaemia.

d. Cardiac output is increased in many patients with chronic renal failure. This is mainly
due to chronic anaemia, as well as slight metabolic acidosis. Arteriovenous shunts which
have been formed for haemodialysis also increase the cardiac output.

10. Haemostatic disorder.
Uraemic patients may develop a bleeding tendency due to platelet dysfunction [7,8].

This usually manifests in those patients with marked elevation of plasma urea and
creatinine, and whose creatinine clearance is less than 20-25% of normal.

The bleeding time should be measured in all uraemic patients prior to surgery.
Uraemic thrombopathy may be reversed by infusion of cryoprecipitate [8], intravenous in
fusion ofdeamino-8-D-argininevasopressin (DDAVP) at adosage of0.3 p.gIkgbodyweight
[7], by haemodialysis [7,8], or simply by a platelet transfusion [see chapter 6.5 for more
detailed information on the treatment of platelet disorders].

11. Altered kinetics of anaesthetic drugs.
The pharmacokinetics ofmany anaesthetic drugs are changed by renal failure, espe

cially chronic renal failure.

a. Reduced protein binding.
The protein binding ofmany drugs is reduced in chronic renal failure due to both the

metabolic acidosis, and the reduced plasma albumin concentration. Reduced protein bind
ing of drugs bas a number of implications [also see chapter 15.2].
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i. Increased free drug concentration for a given dose of a drug, with as a result the same ef
fect is achieved with a lower dose.

ii. Increased free drug concentration of a drug eliminated predominantly through the liver
means that drug will be more rapidly eliminated in a patient with renal failure, as the
drug enters the liver parenchyma more readily.

iii. Increased volume of distribution, as more of the drug can leave the circulation.

The changes in protein binding for some anaesthetic drugs are shown in table 9.4.1.

Table 9.4.1.
Percentage changes in anaesthetic drug kinetics induced by renal failure, compared
with the kinetics of the same drug in healthy control patients in the same study.

DRUG URINE FREE T1/2e CI

Thiopentone [10] 1 -6* +143* +81* +26
Pentobarbitone [11] 1 -11* -6 -20 +17

Morphine [12] 11 -33 -9 -10
A1fentanil [13] 0.4 -3* +67* -21 +94*

Gallamine [20] >70 +433* +475* -80*
A1curonium [14] 80 +470*
Tubocurarine [21] 45 +43
Pancuronium [15] 40 +60* +390* -72*
Vecuronium [16] 15 +23 +22 -29
Atracurium [17] 0 -23* 0 -18

Neostigmine [18] 67 +14 +127* -53*
Pyridostigmine[19] 80 -10 +238* -75*

URINE = percentage of total dose unchanged drug excreted in the urine per 24
hours.
FREE =percentage change in plasma non-protein bound drug concentration.
Vd = percentage change of distribution volume.
T1/2e =percentage change of elimination half life.
CI = percentage change of drug clearance.
11 +II = increase. "_n = decrease.
u*u = significant at 0.05 level in the study quoted.
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b. Altered distribution kinetics.
The distributionkinetics ofdrugs maybe changedin patientswith chronicrenal failure

due to the elevated cardiac output secondary to anaemia. This increases the rate at which
a drug is cleared from the central circulation. As the induction dosage of any hypnotic in·
duction agent is directly proportional to the cardiac output [9], one would expect that the
induction dosage of these drugs would increase in chronic renal failure. This has not been
demonstrated in the case of thiopentone [10], presumably because the plasma free fraction
of thiopentone is increased in renal failure. The same may be true of other drugs too.

c. Altered elimination kinetics.
The elimination half lives of drugs whose elimination is principally due to excretion

in unchanged form by the kidney are increased. This is particularly true for some of the
nondepolarizing muscle relaxant drugs such as gallamine alcuronium and d-tubocurarlne
[see table 9.4.1].

ANAESTHETIC MANAGEMENT
Preoperative.
1. Delay any elective surgery until the patient is in as good a physical condition as possible.

2. Correct any electrolyte disorders, especially hyperkalaemia. Chronic hyperkalaemia is
tolerated better than acute hyperkalaemia. For a more detailed discussion on the manage
ment of hyperkalaemia see chapter 12.4.

3. The bleeding time should always be measured preoperatively in uraemic patients.
Uraemic thrombopathy must be treated prior to any surgery. This may require platelet
transfusions, cryoprecipitate infusion, deamino-8-D-argininevasopressin, or dialysis to cor
rect the problem [see chapter 6.5].

4. Treat excessive hypertension prior to any elective operation [see chapter 2.6 on hyper
tension].

5. Preoperative dialysis may be required to correct many of the disorders above.

6. Premedicationwith sedative or anticholinergic drugs is not contraindicated in the patient
with renal failure, except for the most desperately ill patients.

Anaesthesia.
1. Maintain normal blood pressure and cardiac output so that the renal blood flow does not
decrease in patients with some remaining renal function. Preservationorrestoration ofnor
mal haemodynamics by maintaining or restoring normovolaemia is of the utmost import
ance in maintaining renal blood flow. Reduced renal blood flow means decreased renal
oxygenation, which will exacerbate any existing renal dysfunction.

2. Adequate monitoring is required. Central venous pressure measurement is of value in
regulating perioperative fluid balance and maintaining normovolaemia in patients under
going renal transplantation, or with threatened renal function. Pulmonary artery
catheterization for measurement of systemic cardiac output, systemic vascular resistance,
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as well as pulmonary vascular pressures is required for patientswhor have severe cardiovas
cular disease in addition to renal failure. A urinary catheter is necessary for regular
measurement of the urine output in all patients.

Monitoring itself, does nothing except provide a measurement of some physiological
parameters. But effective use of the information gained by monitoring enables effective
therapy of the fluid balance problems ofpatients with existing or threatened renal failure.

3. Loco-regional anaesthesia.
Loco-regional anaesthesia is to be preferred where possible, as it causes minimal me

tabolic or cardiorespiratory changes. Bleeding time should be less than 6minutes to ensure
minimum haemorrhagic complications from any regional anaestheticblock [see chapter 6.3
for haemostatic requirements].

4. General anaesthesia.
There are some factors which must be considered whenever administering general

anaesthesia to any patient with chronic or acute renal failure.

a. If the patient is severely anaemic or acidaemic, a general anaesthetic technique where
the patient breathes spontaneously is contraindicated. Tissue oxygenation is already
compromised by anaemia, and the respiratory depressant actions of all general anaes
thetic agents will further exacerbate this, in addition to exacerbating any metabolic
acidosis. Because of these problems, controlled ventilation is required for uraemic, or
metabolically "sick" patients ifgeneral anaesthesia is thought necessary.

b. This raises the question ofwhat drugs are appropriate. The answer is simple. Any drug
may be used to provide anaesthesia for anephric patients, orpatients with impaired renal
function. The only requirement is that the dose of the drug(s) be sufficient for the pur
pose desired, and that any further dosages be administered on indication alone. In
general it is better to employ drugs whose elimination does not depend upon renal ex
cretion of the unchanged drug. Another problem may arise due to accumulation of ac
tive breakdownproducts that areexcreted through the kidneys, but this will onlymanifest
after administration of large total doses.

c. Any induction agent may be used. The sleep doses of these drugs is probably not altered
by renal failure. In the case of thiopentone sleep dose the sleep dose is not altered sig
nificantly by renal failure [3].

d. Opiates are mostly excreted in the metabolized form. From the few data available on the
kinetics of opiates in chronic renal failure, it is apparent that neither the volume of
distribution, nor the elimination half life of morphine or alfentanil are changed by renal
failure. This means that these drugs may be used in the same way as for healthy
patients. One exception may be pethidine, which has an active metabolite norpethidine
which is excreted predominantly in the urine.

e. The kinetics of the non-depolarizing muscle relaxants are changed by renal failure. Ex
ceptions to this rule are vecuronium and atracurium. The distribution volumes of these
relaxants are the same as in healthy persons, but the elimination half lives ofthese drugs
are prolonged due to a reduction of renal drug clearance. This is hardly surprising as
most of the non-depolarizing muscle relaxants undergo minimal hepatic metabolism,
and the active drug is eliminated predominantlyby excretion in the urine [see table 9.4.1
and appendix-A]. The practical clinical implication ofthese changes are that the normal
doses, and repeat doses of these drugs are required for any given degree of muscle
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relaxation, but the dosage intervals should be increased because elimination is slower.
Excessive accumulation of these drugs may be prevented by only administering repeat
doses according to clinical requirements, or using a peripheral nerve stimulator. Drugs
such as vecuronium or atracurium should be used preferentially during anaesthesia be·
cause their elimination kinetics are not altered by renal failure, most ofthe administered
dose being metabolized. The elimination half lives of neostigmine and pyridostigmine
are also lengthened by renal failure. The increase is in proportion to that seen with the
muscle relaxants. This lessens the chance of recurarisation after reversal of non-depol
arizing block with these drugs.

f. Volatile anaesthetic agents are valuable ajuvants to anaesthesia using controlled ededed
ventilation. The requirement for muscle relaxant drugs is decreased, as is the require
ment for opiates. In addition they are principally excretedvia the lungs. The onlyvolatile
anaesthetic consistently associated with renal failure is methoxyflurane which is no
longer available. Enflurane, even though it may be associated with the development of
slight renal dysfunction when a total dosage of more than 9.6 MAC hours is administ
ered [see chapter 9.2], has been used without problem as a supplement for anaesthesia
for renal transplantation in total doses ofup to 7.5 MAC hours [23]. The use ofhalothane
and isoflurane have never been associated with renal function impairment due to
fluoride ion production. The metabolism of other anaesthetic agents such as
trichloroethylene, diethyl-ether, and cyclopropane produces no fluoride ion.

Postoperative.
Patientswith renal failure should be admitted to an intensive care unit postoperatively

after all but the most minor operations.
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Part 10

HEPATIC DYSFUNCTION

Hepatic dysfunction can profoundly affect the response of the body to surgery and
anaesthesia. As with renal dysfunction, the perioperative period is too short to effect a cure
of any hepatic disorder. But the anaesthetist can ensure that existing hepatic dysfunction is
not exacerbated by surgery or anaesthesia, and that perioperative problems due to hepatic
dysfunction are minimized.
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Chapter 10.1

ASSESSMENT OF LIVER FUNCTION

Patients with severely disordered hepatic function, either due to hepatocellular or
obstructive icterus, have a high postoperative mortality and morbidity [1,2,3,4]. This may
be minimized by appropriate perioperative managementwhich is based onaccurate assess
ment of the magnitude and type of hepatic dysfunction. The magnitude and type ofhepatic
dysfunction is related to a number ofperioperative problems.

• It is directly related to perioperative morbidity and mortality.
• It determines the most appropriate surgical procedures, and the perioperative

management.
• It determines the most appropriate anaesthetic management as well as perioper

ative monitoring.

TESTS USED FOR INVESTIGATION OF UVER DISEASE
1. Tests of hepatocellular damage.

Intracellular enzymes leak from damaged liver cells, and elevate plasma concentrat
ions of hepatocellular enzymes. The elevation of hepatic enzyme concentrations not only
indicates hepatic damage, but the particular enzymes released also indicate the site of
hepatic damage too.

a. Hepatocellular enzymes.
- Transaminases.
- Lactate dehydrogenase.

b. Cells lining the bile canaliculi.
- Alkaline phosphatase
- 5-nucleotidase.

Elevated plasma concentrations of these enzymes indicates active hepatocellular
damage occurring at that time, otherwise no hepatocellular enzymes would be leaking into
the blood. Some patients with severe hepatic disease, but no active hepatocellular destruc
tion, and with no biliary obstruction, may have normal plasma concentrations of these en
zymes as no destruction of liver cells is occurring at that time. This latter situation does not
mean that hepatic function in this group ofpatients is normal.
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Except for 5-nucleotidase, none ofthese enzymes arespecific to the liver, and elevated
plasma concentrations of these enzymes may also indicate other disease too. As usual, the
clinical picture must also be taken into account.

2. Tests of hepatocellular function.
The liver has a vast range of metabolic functions which are essential for the normal

functioning of the body. Abnormalities of these functions also give an idea of the degree of
hepatic dysfunction.

a. Conjugating ability.
The liver has the ability to form conjugated water soluble compounds which are more

easily excreted in urine or bile. Reduced hepatic conjugating ability is indicated by;

i. decreased plasma concentration of conjugated bilirubin
ii. reduced bromsulphthalein elimination.

b. Synthetic function.
The liver synthesizes a large range ofsubstances. A reduced plasma concentration, or

production rate of any of these indicates decreased hepatic synthetic capability, e.g,

i. Decreased plasma albumin concentration.
ii. Elevated prothrombin time, or decreased plasma fibrinogen concentration indicate

reduced hepatic coagulation protein synthesis.
iii. Decreased plasma cholinesterase concentration.
iv. Decreased plasma urea concentration.

TYPE OF LIVER DISEASE
It is essential to differentiate between hepatocellular and obstructive icterus as they

are associated with some different problems and a differentprognosis. One of the main dif
ferences is that patients with obstructive icterus, also have a 50% incidence ofsystemic en
dotoxaemia due to reduction of the effects ofbile salts on the intestinal flora [1,2]. Patients
with endotoxaemia have a considerably increased chance of developing perioperative
hypotension, and as a result postoperative renal dysfunction [1,2]. Surgery for the relief of
obstructive jaundice is therefore not surprisingly associated with a high mortality [2].

Tests useful in differentiating cholestatic liver disease from hepatocellular disease are
listed below, and further expanded in table 10.1.1.

a. An elevated plasma conjugated bilirubin concentrationrelative to unconjugated bilirubin
in the presence of elevated total plasma bilirubin concentration indicates cholestasis is
more likely.

b. Decreased urinary urobilinogen concentration. Urobilinogen is a product of intestinal
bacterial metabolism ofbilirubin. Some urobilinogen is absorbed by the bowel and sub
sequently excreted in the urine. Adecreased urinary urobilinogen is indicative ofcholes
tatic liver disease.

c. Increased plasma concentrations ofenzymes produced by cells lining the biliary duets in
dicates that cholestatic liver disease is more likely, i.e. alkaline phosphatase and 5
nucleotidase. 5-nucleotidase is an enzyme that is mainly synthesized in the liver and is a
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more specific test for liver disease than is alkaline phosphatase, which is produced by
bones and intestines as well as liver.

d. Elevation of hepatocellular enzyme concentrations, e.g. the transaminases, relative to
the concentrations ofalkaline phosphatase and 5-nucleotidase, indicates that hepatocel
lular disease is more likely.

Table 10.1.1.
Differences between choles1atlc and hepatocellular Jaundice.

CHOLESTATIC HEPATOCELLULAR
JAUNDICE JAUNDICE

FAECES
Steatorrhoea t t/~

URINE
Urobilinogen ~ t/~
Bilirubin t t

BLOOD
Total bilirubin t t
Conjugated bilirubin t tIN
Unconjugated bilirubin tIN t
Transaminases tIN t
Alkaline phosphatase t tIN
5-nucleotidase t tIN

lit" = increased or present
•~• = decreased or absent
liND = normal.

ASSESSMENT OF SURGICAL RISK
The necessity for any surgery should be reviewed with regard to the high mortality as

sociated with surgery performed on patients with severe liver disease. Perioperative mor
tality associated with laparotomy performed on patients with severe liver disease is high,
varying between 25-80% [2,3,4J, the mortality being greater in those with inflammatory
hepatocellular liver disease [3J.

VariOllS functional classificationsofliver disease have been devised, and the classifica
tion correlated with surgical morbidity and mortality. The two main systems are those of
Child [5, table 10.1.2J, and Pugh et al [4, table 1O.1.3J. The classification of Child is rather
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more subjective than that of Pugh, but is easier to use. The author has added steatorrhoea
to these assessments, as this is a factor associated with endotoxaemia in 50% of patients
with cholestasis. The problems caused by each of the factors in tables 10.1.2 and 10.1.3 are
discussed in the chapter on impaired liver function [chapter 10.3]. Only patients falling into
group A of either classification should be considered for elective surgery. As for patients
in groups B and C, the pOSSIble risks of abstaining from any operation should be weighed
carefully against the possible risks of any operation planned.

Table 10.1.2.
Classification of hepatic function according to Child [5].

PARAMETER Class A Class B ClassC

Serum Bilirubin (mmol/l) 40 40-50 50

Serum Albumin (gil) >35 30-35 <30

Ascites none easily poorly
controlled controlled

Steatorrhoea * none present present

Neurological disorder none minimal advanced coma

Nutritional status excellent good wasting

OPERATIVE RISK GOOD MODERATE POOR

* Steatorrhoea has been added by the author as an extra high risk factor.
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Table 10.1.3.
Classification of hepatic reserve according to Pugh et al [4].

Points scored for each abnormality
PARAMETER

1 2 3

Encephalopathy grade [6] none 1 or 2 30r4

Ascites absent slight moderate

Serum bilirubin (mmol/I) 25 25-40 40+

Serum albumin (g/l) >35 28-35 <28

Relative prolongation
of Prothrombin Time 1-4 4-6 >6

Class A = score of 5 - 6 = Low risk
Class B = score of 7 - 9 = Moderate risk
Class C = score of 10 - 15 = High risk
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Chapter 10.2

EFFECTS OF ANAESTHESIA AND SURGERY ON THE LIVER

Both anaesthesia as well as surgery may have profound effects on hepatic function.

EFFECTS OF SURGERY ON HEPATIC FUNCTION
Except for the obvious effects ofhepatic surgery or trauma on liver function, the main

effect of surgery on hepatic function is due to a reduction of hepatic blood flow. The liver
is an unusual organ in that it derives its blood from two sources, about 70% of the blood
entering the liver comes from the portal vein, with the remaining blood coming from the
hepatic artery.

Surgery and trauma affect hepatic function is two ways.

1. Sympathetic nervous system activity.
Vessels in the regions drained by the portal vein, Le. the splanchnic circulation, have

a rich sympathetic nervous innervation. Increased sympathetic nervous activity reduces
splanchnic blood flow. As 70% of the blood entering the liver comes from the splanchnic
vascular bed, a reduction of splanchnic blood flow also means a reduction of hepatic blood
flow. In addition to this, the liver itself has a sympathetic nervous innervation which also
controls hepatic blood flow to some degree.

Both surgery and trauma increase sympathetic nervous activity, and reduce splanchnic
as well as hepatic blood flow.

2. Haemorrhage.
Haemorrhage increases the systemic vascular resistance, reduces the cardiac output,

and if the volume of haemorrhage is great enough, decreases the arterial blood pressure
too [see chapter 14.4 on hypovolaemia].

Hypotension, regardless of whether it is pharmacologically induced, or whether it is
caused by haemorrhage, reduces the hepatic blood flow [3]. Blood loss of up to 17% of
blood volume in healthy adults causes no significant change ofcardiac output orbloodpres
sure, but does significantly reduce splanchnic blood volume and hepatic venous pressure,
as well as decreasing indocyanine green dye clearance [4].lndocyanine green dye clearance
is a function of hepatic blood flow and metabolism, and a reduction implies that the
clearance of drugs primarily eliminated by hepatic metabolism is also reduced [17].
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EFFECTS OF ANAESTHESIA ON HEPATIC FUNCTION
Anaesthesia may affect hepatic function in a number of ways.

• Effects of anaesthetic technique on hepatic haemodynamics.
• Effects of anaesthetic drugs on hepatic haemodynamics.
• Effects of drugs on hepatocellular function, e.g. toxicity.

1. Effect of anaesthetic technique on hepatic haemodynamlcs.
a. Spinal or epidural anaesthesia.

Both spinal and epidural anaesthetic techniques reduce splanchnic vascular resis
tance, pressure and flow [1,2]. The cause is usually hypotension in combination with a car
diac output that does not increase in proportion to the reduction ofsystemic and splanchn
ic vascular resistances. This situation is reversed by administering ephedrine, which has
both B- as well as a-adrenoreceptor stimulating effects, which increases both cardiac out
put and systemic vascular resistance, as well as splanchnic blood pressure, resistance and
flow [1].

b. Intermittent positive pressure ventilation (lPPV).
Inferior vena caval as well as portal blood flow are reduced, and portal vascular resis

tance and pressure are increased during IPPV. This is especiallysowhen large tidalvolumes
are used [5], during hyperventilation [6], and when positive end expiratorypressure (PEEP)
is applied [7]. The same changes also occur in the hepatic circulation [6].

c. Hypercarbia and hypocarbia.
Hypercarbia increases the splanchnic vascular resistance, and decreases the hepatic

blood flow [8], while hepatic blood flow is apparently unrelated to hypocarbia [6].

d. Controlled hypotension.
Controlled hypotension reduces hepatic and splanchnic blood flow regardless of the

techniques or drugs used [3].

2. Effects of anaesthetic drugs on hepatic haemodynamlcs.
Drugs used in anaesthesia may in themselves affect splanchnic and hepatic

haemodynamics.

a. Induction agents.
Thiopentone, ketamine and etomidate cause a dose related reduction of liver blood

flow. This is related to a reduction of cardiac output, as well as being caused by a local
vasoconstrictor effect of these drugs, as is shown by an elevation of the mesenteric and
hepatic vascular resistances in experimental animals [9].

b. Muscle relaxants.
The effects of these on hepatic and splanchnic haemodynamics has not been well in

vestigated.

Co Opiates.
Provided that bypoxaemia and bypercarbia are prevented with controlled ventilation,

opiates increase splanchnic, and presumably liver blood flow [10].
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d. Anaesthetic gases.
Cyclopropane [2,12], and methoxyflurane [2], both reduce hepatic blood flow by

reducing the cardiac output, as well as by inducing local hepatic vasoconstriction.
Halothane [2,9,12], and enflurane [11], decrease the liver blood flow, as well as hepatic

and splanchnic vascular resistances. The reduction of liver blood flow is in direct propor
tion to the reduction of cardiac output caused by these drugs [9].

3. Effects of anaesthetIc drugs on hepatocellular function.
Hepatocellular dysfunction usually manifests by an elevation of plasma concentra

tions of hepatocellular enzymes. The frequency with which abnormal liver function tests
occur after anaesthesia is not only related to the drugs used, but also to other factors, such
as age, sex, body build, and regular ingestion of drugs inducing drug metabolizing enzymes.

There are anumber ofways in which anaesthetic drugs may affecthepatocellular func
tion.

• A direct hepatotoxic effect of the drug itself.
• Hepatotoxic effect of the drug metabolites.
• Induction of hepatocellular damage due to hypoxaemia secondary to respiratory

depression.

a. Induction agents.
Single bolus doses or infusions of drugs in normal clinical dosages such as etomidate,

althesin and profolol appear to cause minimal to no increase of the plasma concentrations
of liver enzymes [9]. Administration of thiopentone and ketamine have been associated
with postoperative increased plasma concentrations of liver enzymes [9].

b. Muscle relaxant drugs.
Few, or no investigations have been performed on the effects ofmuscle relaxant drugs

on hepatocellular function. As large numbers of studies have been performed with other
drugs, and muscle relaxants were also administered during these studies, it is perhaps not
unreasonable to assume that as nothing has been found up till now, muscle relaxant drugs
have minimal effects on hepatocellular function.

c. Opiates.
Opiates decrease splanchnic and liver blood flow in spontaneously breathing animals

due to hypoxaemia secondary to respiratory depression. Hypoxia can cause liver damage if
severe enough. These changes do not occur in animals whose ventilation is controlled, and
in whom hypoxaemia does not occur [10].

d. Anaesthetic gases.
It has been consistently observed for manyyears that the use ofmost anaesthetic gases

is associated with postoperative elevation ofthe plasma concentrations ofhepatic enzymes.
This is particularly so after repeat anaesthetics.

It is the halogenated anaesthetic vapors which are most frequently associated with
postoperative disorders ofliver function. Ofthe three halogenated anaesthetics in common
clinical use, (halothane, enflurane, and isoflurane), it is halothane that causes the highest
incidence of abnormal liver enzyme concentrations after single or repeat anaesthetics
[13,14]. After a second repeat anaesthetic within a six month period with the above three
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agents, the frequency with which abnormal liver enzyme concentrations are measured
within plasma is 27% for halothane, 12% for enflurane and 0% for isoflurane [13,14].

In the case of halothane, obese persons are more likely to have abnormal liver func
tion tests after repeat anaesthesia [15]. This is due to the increased metabolism ofhalothane
occurring in obese patients [16], presumably due to the slower elimination of these drugs
as a result of larger than usual quantities of vapor being stored in fat tissue. This suggests
that one or more halothane breakdown products is hepatotoxic.

PRACTICAL IMPLICATIONS
It is obvious from this brief review, that it is hypoxaemia and reduction of the hepatic

blood flow that are the two factors most likely to cause perioperative impairment of liver
function. Drug induced hepatocellular dysfunction is less likely, but certainly may occur
after use of some anaesthetic vapors.
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Chapter 10.3

IMPAIRED LIVER FUNCTION

Hepatic dysfunction is a multisystem disorder, for the liver is an organ whose proper
functioning is vital for the function of the whole body. The functional reserve capacity of
the liver is enormous. Ifonly 10% ofnormal liver tissue is left after a major partial hepatic
resection in humans, this is sufficient to sustain life, in addition to which full regeneration
of the liver mass occurs after four months [1]. However despite this massive functional
reserve, surgery performed on patients with severe liver disease is associated with a high
mortality [see chapter 10.1].

Reduction of the associated morbidity and mortality is only possible by means of a
thorough understanding of the problems caused by liver dysfunction and their manage
ment. The problems of most concern to the anaesthetist and surgeon are discussed below.

PROBLEMS
1. Deficient wound healing.

The rate of wound healing is reduced, and the strength of the healed wound is also
reduced in patients with liver dysfunction. In the past this was attributed to the effects of
hyperbilirubinaemia But multivariate analysis of the clinical circumstances of373 patients
in one study has shown that deficient wound healing is not related to hyperbilirubinaemia,
but is related to the other problems associated with liver disease, such as concurrent infec
tion, poor nutritional status, etc [2].

2. Decreased hepatic protein synthesis.
Nearly all plasma proteins are synthesized in the liver. Hepatocellular dysfunction

causes the plasma concentrations of these proteins to fall because of;

• reduced synthesis,
• insufficient dietary amino acid intake,
• loss of plasma proteins into ascites fluid.

8. Hypoalbuminaemia.
Hypoalbuminaemia occurs as a result ofsevere liver disease. This has anumber ofef

fects.

i. Many drugs are bound to albumin. Hypoalbuminaemia means that the percentage protein
binding of many drugs is less than normal with all the consequences of this [see table
10.3.1, and chapter 15.2].
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ii. Albumin is the plasma protein which exerts the greatest part of the plasma colloid os
motic pressure. Hypoalbuminaemia exacerbates ascites and oedema formation. Clini
cally evident peripheral oedema occurs when the plasma colloid osmotic pressure falls
below 15 mmHg, or the plasma albumin concentration is lower than 20 gmIl [see chap
ter 14.1]

b. Plasma cholinesterase.
Plasma cholinesterase is synthesized in the liver. Severe hepatocellular disease

reduces the plasma cholinesterase concentration [3]. The action of drugs such as
suxamethonium and propanidid, which are metabolized by plasma cholinesterase, are like
ly to be prolonged in severe liver dysfunction.

Co Coagulation proteins.
All coagulation proteins are synthesized in the liver, with the exception offactor vm

and von Willebrand's factor which are synthesized by vascular endothelial cells.
Because the concentration of factor vm is relatively unaffected by liver disease, the

partial thromboplastin time is not a good test of a deficiency of coagulation proteins. But
the prothrombin time is agood single test, as it relies entirely upon coagulation factors syn
thesized in the liver, [see chapter 6.2 on simple tests of haemostatic function].

Deficient coagulation protein synthesis is one of the causes of abnormal haemostatic
function in patients with liver disease.

3. Reduced metabolic function.
The liver performs a vast range ofmetabolic functions which are required for the nor

mal functioning ofthe body, e.g.amino acid metabolism, glucose homeostasis, andhormone
metabolism.

a. Hormone metabolism.
Insulin, oestrogen, aldosterone, glucocorticoids are some ofthe hormones that are in

activated by the liver. Severe hepatocellular disease can cause the plasma concentrations
of these hormones to rise due to decreased hepatic clearance of these hormones.

i. About half the insulin produced by the pancreas is eliminated in the first pass through the
liver. The average adult human insulin production rate is about 1-2 IUlhour, while the
amount reaching the systemic circulation is about 0.5 IUlhour [4]. Severe hepatocellular
disease, by reducing insulin clearance may cause hyperinsulinaemia.

ii. Decreased aldosterone metabolism may cause sodium and water retention.
iii. Reduced glucocorticoid hormone breakdowncauses the usual effects ofhypercorticism,

such as thin atrophic skin, striae, etc.

b. Glucose metabolism.
Either hyperglycaemia or hypoglycaemia may occuras aresult ofsevere liver disease.

i. Hyperglycaemia occurs frequently in patients with liver disease, often being associated
with glucose intolerance, insulin resistance, and hyperinsulinaemia.

ii. Hypoglycaemia does not often occur as a result of liver disease. It usually only occurs in
situations where the liver glycogen reserves are depleted. Reduction ofhepatic glycogen
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stores decreases the rate ofhepaticgluconeogenesis. This may be exacerbated by alcohol
ingestion which also inhibits hepatic gluconeogenesis.

c. Lactate metabolism.
The average 70 kg adult produces about 1200-1500 mmollaetate per day, (about 50

63 mmoVhour). Lactate is producedby the skin, skeletal muscle, erythrocytes, brain and in
testines. The liver metabolizes about 60% of this, and the kidney the remaining
40%. Glucose is the product ofhepatic and renal lactate metabolism [7,29]. The liver has a
large reserve metabolic capacity, being able to metabolize up to two to four times the nor
mal daily lactate production, i.e. up to 120-240 mmoV hour [29].

Very rapid infusion oflactate containing infusion fluids inpatientswith severe hepatic
insufficiency may theoretically cause accumulation of lactate, but only if the infusion rate
is very high, or ifhepatic function is very severely compromised. For example, Ringer's lac
tate (Hartmann's solution) is commonly infused in the perioperative period, and contains
29 mmol/l of sodium lactate. Rapid infusion of this is unlikely to cause acidosis as the pH
of this solution is between 6-8, and infusion rates of more than one liter per hour would be
required, (liver is normally able to metabolize 120-240 mmol of lactate!hour, and the kid
neys also can metabolize lactate too). Experimental infusion oflactate into healthy dogs for
some hours at rates sufficient produce acidosis produces no detrimental haemodynamic ef
fects [29], so even if a lactic acidaemia were to be produced by infusion of lactate contain
ing fluids, it would have no immediate consequences. A delayed alkalosis is the usual con
sequence ofperoperative infusion of large amounts ofsodium lactate containing solutions
into human patients [7, see also chapter 13.3].

4. Decreased drug metabolism.
Theliver is the principal drug metabolizingorganofthebody, convertingmanyforeign

substances such as drugs into water soluble products able to be excreted in bile or urine.

a. Drug elimination.
Decreased drug metabolizing ability has profound consequences on the kinetics of

dugs principallyeliminated by the liver. The effects ofsevere hepatic disease on the kinetics
of some drugs used in anaesthesia are listed in table 10.3.1.

b. Sodium citrate.
Sodium citrate is the anticoagulantused most commonly inblood bankblood. Citrate

is principally metabolized in the liver. Normally it takes a healthy normothermic human
adult about 10minutes to metabolize the sodium citrate contained in500mls ofbankblood
(1.7-2.5 gms of disodium citrate) [5]. When citrate anticoagulated blood is infused at a rate
greater than 120 mlsIminute in a normothermic adult, hypotension due to citrate intoxica
tion may occur [6]. Citrate intoxicationmaypossibly occurat lower infusionrates inpatients
with impaired hepatic function [see also chapter 13.3 on acid base balance].

5. Portal hypertension.
Portal hypertension is caused by obstruction of portal venous flow due to abnormal

hepatic anatomy, e.g. as in cirrhosis. It causes a number ofproblems ofconcern to both sur
geons and anaesthetists.
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a. Collateral vascular channel development.
Collateral vascular channels develop because of obstruction to portal blood

flow. These may give rise to haemorrhoids, oesophageal varices, and abdominal wall
varices. These varices may bleed. The magnitude of the haemorrhage may vary from minor
chronic blood loss causing a chronic anaemia, to massive lethal haemorrhage. The latter
usually only occurs as a result of bleeding from oesophageal varices.

b. Portosystemic shunting.
Blood flowing through portosystemic collateral vascular channels bypasses the

liver. Substances absorbed from the bowel are not metabolized or removed by the liver,
and these can cause or exacerbate hepatic encephalopathy. Regrettably the precise nature
of these substances is as yet unknown.

Co Congestive splenomegally.
Portal hypertension may cause congestive splenomegally. This can give rise to the

syndrome of hypersplenism, consisting of anaemia, leukopaenia, or thrombocyto
paenia. Thrombocytopaenia will contribute to, or cause a bleeding tendency.

d. Ascites formation.
Elevated portal venous pressure means that splanchnic capillary pressure is also

elevated. Elevated splanchnic capillarypressures may exacerbate or cause ascites, especial
ly in the presence of hypoalbuminaemia.

6. Ascnes.
Ascites is one of the major problems associated with the surgical management of the

patient with hepatic insufficiency, especially in those patients coming for intra-abdominal
surgery.

The electrolyte composition of ascites fluid is the same as that ofplasma or extracel
lular fluid, but the protein content varies from 1 to 38 gm/l, (normal plasma total protein
concentration =55-80 gm/l). The variability of the total protein concentration in ascites
fluid is readily explained by variation in the rate ofloss of intravascular fluid into splanchnic
interstitium and ascites fluid. Elevation of splanchnic venous pressures increases both the
hepatic [8] and intestinal [9] lymph/capillary protein concentration ratios. This means that
increasing splanchnic venous pressure elevates the concentration ofprotein inboth hepatic
lymph and ascites fluid.

A rough idea of the magnitude of the forces driving fluid into the splanchnic interstit
ium and the peritoneal cavity is given by the equation below. This is a modification of the
Starling equation simplified for didactic purposes. The rate of ascites formation is directly
proportional to the splanchnic capillary filtration pressure.

PF = [PC - PIA] - [COPp - COpa

PF =splanchnic capillary filtration pressure in mmHg.
Pc = mean splanchnic capillary pressure in mmHg.
PIA = intra-abdominal pressure in mmHg.
COPp =plasma colloid osmotic pressure in mmHg.
COP, = colloid osmotic pressure ofperitoneal interstitial tissue in mmHg.
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If the capillary filtration pressure is greater than zero, ascites formation will occur. It
is apparent that ascites fluid formation continues until Pc < = PIA + [COPp 
COPi]. Laparotomy and drainage of ascites reduce the PIA, and the rate of ascites forma
tion may actually increase, and remain elevated until the abdomen is closed or drainage of
ascites is stopped. The volume of fluid lost in ascites may be considerable, and when one
considers that ascites fluid has an electrolyte composition the same as that of extracellular
fluid, as well as a relatively high protein concentration, it is obvious that a large loss of as
cites fluid constitutes a considerable loss of extracellular fluid and plasma volume.

Ascites fluid continues to form postoperatively until Pc < = PIA + [COPp - COPiJ
again. Careful monitoring and fluid replacement must continue postoperatively until the
rate ofascites formation has decreased to a level that is relatively "normal" for that patient
If the fluid volume lost as ascites is not replaced, hypovolaemia will occur. This must be ag
gressively treated as the degree of hypovolaemia may be so extreme in some patients that
lethal hypovolaemic shock occurs.

Lost ascites fluid should be replaced with fluid with a similar electrolyte and protein
content as the ascites fluid, or hypoproteinaemia and electrolyte disorders will also
occur. Because it is frequently difficult to accurately measure the volume offluid lost as as
cites, central venous pressure monitoring is often required for accurate guidance of fluid
replacement

Another problem occurringwith massive ascites is restrictionofdiaphragmatic move
ment to such a degree that hypoxaemia occurs.

7. HaemostaUc disorders.
Haemostatic defects are common in patients with severe hepatocellular disease.

There are various causes for this.

a Decreased synthesis of all coagulation factors, with the exception of factor vm and von
Willebrand's factor which are produced by vascular endothelial cells.

b. Decreased clearance of activated coagulation factors.
c. Increased destruction of coagulation factors due to disseminated intravascular coagula

tion, or localized intravascular coagulation, e.g. due to hepatic cell necrosis or
fibrinogenolysis.

d. Thrombocytopaenia may occur due to hypersplenism secondary to portal hypertension
or as a result of disseminated intravascular coagulation.

e. Platelet dysfunction may occur due to chronic ethanol abuse.

All patients with hepatic insufficiency should be suspected of having a haemostatic
disorder until proven otherwise. Haemostatic function should always be investigated
preoperatively. Suitable tests which will detect most ofthe problems are the platelet count,
bleeding time, prothrombin time, partial thromboplastin time, and the fibrinogen con
centration.

8. Hepatic encephalopathy.
Patients with severe hepatic insufficiency may have a degree ofencephalopathy vary

ing from slight neurological disorder to coma The effects ofsedative or hypnotic drugs are
potentiated by the central nervous system depression due to the encephalopathy. In addi
tion to this, patients with encephalopathy are at an increased risk of aspiration of gastric
contents because of depression ofprotective laryngeal reflexes.
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9. Obstructive jaundice.
Bile salts are essential for maintenance of the normal chemical and bacteriological

composition of the intestinal contents. Due to their detergent action they have a bac
tericidal/bacteriostatic function and prevent the absorbtion of any significant quantities of
bacterial endotoxins [l1J.

Reduced amounts of bile salts enter the bowel during obstructive or severe hepato
cellular jaundice. Because of this, about 50% of patients with obstructive jaundice have a
demonstrable systemic endotoxaemia as a result of endotoxin absorbtion from the intes
tine, and the presence of endotoxaemia is directly related to the occurrence ofpostoperat
ive renal dysfunction [10,l1J. Renal failure is a major cause of death in patients undergo
ing surgery for relief of obstructive jaundice, the mortality being in the order of 25-80%
[l1J. Steatorrhoea is therefore an indicator of an increased likelihood of increased
perioperative morbidity and mortality.

Oral administration ofsodium deoxycholate for 48 hours prior to anysurgeryhas been
shown to prevent the occurrence of postoperative endotoxaemia and renal failure [11].

10. Hyperblllrubinaemla.
Hyperbilirubinaemia has a number of detrimental physiological effects.

a. Reduction of the contractility ofsmooth muscle.
Bile salts reduce the contractile response ofvascular smooth muscle to noradrenaline,

tyramine and angiotensin-IT [12J. Increased plasma concentrations of bile salts have been
shown to reduce the systemic vascular resistance in animal studies, and may be the cause
of the reduction of systemic vascular resistance in hyperbilirubinaemic humans too [12].

b. Decreased myocardial contractility.
Myocardial contractility is depressed by hyperbilirubinaemia [14]. This is presumably

in part due to a reduced responsiveness of jaundiced myocardium to B-sympathomimetic
stimulation [13].

c. Cytotoxicity.
High concentrations of bile salts are toxic to some tissues, the most well known ex

amples being kernicterus and renal medullary damage which occur in infants. The
mechanism of the cytotoxicity is uncertain, but high concentrations of bile salts have been
shown to inhibit ATPase activity, oxygen uptake, and protein synthesis in rat small intes
tine [12].

11. Cardiovascular effects of hepatic Insufficiency.
From the preceding discussion, it is obvious that there are many factors in patients

with hepatic insufficiency which can affect systemic haemodynamics.

a. Systemic vascular resistance.
The systemic vascular resistance is reduced in severe hepatic disease due to reduced

vascular smooth muscle responsiveness to both circulating vasoactive substances, as well as
to sympathetic nervous stimulation [10,12].
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b. Cardiac output.
The cardiac output of most patients with hepatic dysfunction is elevated above nor

mal, regardless of whether the dysfunction is cholestatic or hepatocellular in origin
[12,32,14]. This is due to a reduction of the systemicvascular resistance as a result ofwhich
the cardiacoutput reflexly increases, despite reduced myocardial contractility [12,14,32, see
above].

Co Hypotension.
Hypotension occurs frequently in patients with severe liver dysfunction. There are a

number of reasons for this [12].

i. The elevation of cardiac output in response to a reduction ofsystemic vascular resistance
is not sufficient to maintain the arterial blood pressure.

ii. Hypovolaemia due to loss of fluid into ascites.
iii. Blood loss from bleeding oesophageal varices, etc.
iv. Endotoxaemia.

12. Renal dysfunction.
Postoperative renal failure occurs in 3-50%ofpatientswho have undergone an opera

tion on to relieve obstructive jaundice, and is associated with a high mortality [11]. The old
term "hepato-renal syndrome" is merely a single name for a large variety ofdisorders which
may cause renal failure in patients with severe liver disease. Some of these disorders are
listed below.

a. About 50% of patients with obstructive jaundice have a demonstrable systemic en
dotoxaemia, the presence ofwhich is directly related to the occurrence ofpostoperative
renal dysfunction [10,11]. Endotoxaemia induces renal failure by inducing hypotension.

b. Hypovolaemia may occur due to bleeding from oesophageal varices, or loss of ascites
fluid. Hypovolaemia will cause renal dysfunction if the blood pressure and or cardiac
output are sufficiently reduced.

c. Hypotension may occur due to an excessive reduction ofthe systemicvascular resistance
without a corresponding elevation of cardiac output.

d. High concentrations ofbile salts may have a direct toxic effect on renal cells.
e. Oliguria may occur due to the combination of elevated sympathetic nervous system ac

tivity, together with increased plasma concentrations of aldosterone, angiotensin-IT and
antidiuretic hormone which can occur inpatients with severe hepatocellular dysfunction
[15].

Because of the high postoperative mortality associated with renal failure combined
with hepatic dysfunction, all jaundiced patients coming for surgery should be subjected to
a monitoring, fluid and diuretic therapy regime appropriate for a patient with threatened
renal function [see chapter 9.3].

13. Hypoxaemla.
There are various causes of hypoxaemia in patients with severe liver disease.

a. Massive ascites restricting normal respiratory movement of the diaphragm.
b. Endotoxaemia causing intrapulmonary shunting.
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c. Pulmonary oedema.
d. Pulmonary infection.

Arterial blood gases should be measured perioperatively in all jaundiced patients.

Table 10.3.1.
Percentage changes of the kinetics of some anaesthetic drugs induced by severe
hepatic dysfunction, compared with the kinetics of the same drugs administered to
healthy controls in the same study.

DRUG METAB FREE Vd T1/2e CI

Thiopentone [16] most +74* +34 +34 +11
Hexobarbitone [17] 43 +10 -5 +12
Etomidate [18,19] 90 +74* +140* +158* 0

Morphine [20] >49 +20 -27 -12 -6
Pethidine [21] >13 -6 +68* -36
Pentazocine [21] >75 -14 +72* -45*
Phenoperidine [22] 98 -12 +51 -34
Fentanyl [23] 77 +16 +16 +4
A1fentanil [28] most +10 +125 -48

Gallamine [24] 0 +20* +19 0
Tubocurarine [25] small +27
Pancuronium [25,26] 20 -12 +49* +82* -22*
Vecuronium [25,30] <3 +8 0 +69* -45*
Atracurium [27] 93 +30* +5 +23

METAB = % drug dose metabolized per 24 hours in normal persons.
FREE = % change in the non-protein bound plasma drug concentration.
Vd =. % change in the volume of distribution.
T1/28 = % change in the elimination half life.
CI = % change in the plasma clearance.
II + II = increase.
"_" = decrease.
11.11 = significant to a probability level of at least 0.05 in the study cited.
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14. Altered drug kinetics.
Hepatic dysfunction has aprofound effecton drug kinetics, affectingboth the distribu

tion and elimination of drugs. These changes are of direct relevance to the clinical use of
anaesthetic drugs. Table 10.3.1 shows some of the changes in the kinetics of some anaes
thetic drugs which are caused by hepatic disease.

a. Altered distribution kinetics.
Most patients with obstructive or hepatocellular jaundice have a cardiac output that

is elevated above normal. Because of this, the redistribution ofdrugs after intravenous in
jection or inhalation is more rapid [see chapter 15.2].

b. Reduced protein binding.
Reduced plasma albumin concentrations mean that the plasma protein binding of

many drugs is reduced, and as a consequence the volume of distrIbution increases because
more drug can diffuse out of the capillaries [see chapter 15.2].

The percentage plasma free drug concentration of thiopentone and etomidate are in
creased in direct proportion to the reduction of the plasma albumin concentration in
patients with hepatic disease [16,19]. Because the free fraction ofthese drugs are increased,
the sleep dosages ofthese anaesthetic induction agents are, in theory, reduced. But against
this, the cardiac output is increased above normal in patients with hepatic dysfunction, and
this increases the sleep dosage [31]. The result is that the sleep dosage is the same as for
normal patients [16], with the exception of those patients with encephalopathy who are
more sensitive to the effects of sedative and hypnotic drugs.

Co Altered elimination kinetics.
As can be seen in table 10.3.1, the elimination ofmany drugs is slowed, either because

the hepatic clearance ofthe drug is reduced, the volume ofdistrIbution is increased, orboth.

ANAESTHETIC MANAGEMENT
Preoperative
1. The preoperative investigations that should beperformed onpatientswith severe hepatic
dysfunction are listed below.

a. Chest X-Ray to check for the presence of any pulmonary infection, the presence ofpul
monary oedema, or both.

b. Arterial blood gases to detect hypoxaemia.
c. Haemoglobin concentration. The patient may be anaemic due to either hypersplenism,

haemorrhage etc.
d. Haemostatic function screen, including bleeding time, platelet count, partial throm

boplastin time, prothrombin time, and possibly the fibrinogen concentration.
e. Plasma creatinine and urea concentrations, and if indicated the creatinine clearance.
f. Plasma bilirubin concentration. This gives one measure of the functional severity of the

liver failure.
g. Plasma electrolyte concentrations.
h. Plasma protein concentrations. H the albumin concentration is low, pulmonary and

peripheral oedema will occur at lower intravascular pressures.
i. Test for Australia antigen, i.e. Hepatitis-B antigen, as indicated.
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2. Administration ofdrugs for preoperative sedation, aswell as anticholinergicdrugs should
only be done according to the clinical indications for these drugs, not as a routine.

Anaesthesia.
Anaesthetic management is directed towards;

• restoring or maintaining normovolaemia, with normal electrolyte, protein and
haemoglobin concentrations,

• prevention of renal failure,
• use ofanaesthetic drugs so that there is minimal postoperative respiratorydepres

sion,
• maintenance of hepatic perfusion, and oxygenation,
• maintenance of normocapnia.

1. All patients with severe degrees of hepatic dysfunction (classes B and C of the Pugh or
Child classification systems), must be maximally monitored in the perioperative period so
that the results ofany therapy to restore ormaintain normovolaemia and adequate oxygena
tion may be checked, and therapy adjusted as needed.

Ideally a pulmonary artery catheter and direct intra-arterial blood pressure monitor
ing should be used in class "C' patients. A urinary catheter is also required, as an optimal
diuresis must be maintained to minimize the chances ofpostoperative renal dysfunction.

Patients in classes A and Brequire at least monitoring ofthe urine output and central
venous pressure.

2. Because ofthe high risk and associated mortality ofrenal failure in class Band Cpatients,
fluid therapy and monitoring should be the same as for any patient with threatened renal
failure.

3. Loco-regional anaesthesia.
Because of the haemodynamic changes, as well as the changes in blood volume due

to severe hepatic insufficiency, epidural and spinal anaesthesia may be associated with a
more profound drop in blood pressure than normal. The use of all other loco-regional
anaesthetic techniques is most likely to be associated with a lower morbidity and mortality
than general anaesthesia Prior to the use of any of these techniques, the haemostatic
parameters should be within an acceptable range as discussed in chapter 6.3.

4. General anaesthesia.
General anaesthesia is advisable for seriously ill patientswho are to undergo any form

ofmajor surgery. The main reason for this is the easy control overventilation, systemic vas
cular resistance and cardiac output that is possible. The same applies to patients with liver
dysfunction. There are some aspects relating to the administration ofgeneral anaesthesia
in patients with severe hepatic dysfunction (functional classes B and C), which are worthy
of mention.

a The ventilation of the patient should be controlled so as to minimire the chance of
hypoxaemia due to pressure on the diaphragm from ascites, upper abdominal operative
procedures etc. In addition the chance of hypoxic hepatocellular damage is minimired,
and normocapnia can be easily maintained.
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b. Any induction agent may be used, so long as the arterial blood pressure and cardiac out
put due not fall excessively. Aprolonged elimination half life is no reason not to use any
particular induction agentas the terminationofthe actionofanaesthetic inductionagents
administered as a single intravenous bolus is by redistribution within the body, and not
by elimination. Selectionofan appropriate induction agent is on haemodynamic criteria,
the drug causing least cardiovascular depression being the most appropriate in the
severely ill patient [see chapter 2.1].

c. The elimination half lives ofmany of the most commonly used non-depolarizing muscle
relaxants are prolonged by hepatic dysfunction. From table 10.3.1 it is seen that the
volumes of distribution of these drugs are increased, as are their elimination half
lives. This has consequences for the administration of these drugs. As the plasma con
centration at which a relaxant has a given effect is unchanged by liver disease, larger in
itial and repeat dosages than usual of a given muscle relaxant must be given to achieve
the same effect. As the elimination half lives are increased, the dosage interval between
any repeat dosages is longer than in patients without liver dysfunction. It is preferable to
administer repeat dosages of these drugs according to clinical requirements, or using a
peripheral nerve stimulator to monitor neuromuscular transmission.

d. Many opiates have a prolonged elimination half life in patients with hepatic cir
rhosis. This is due to decreased clearance rather than any alteration of the distribution
volume. The implications for administration of these drugs is that the normal initial and
repeat dosages may be given, but that the interval between repeat dosages is likely to be
longer than in a patient with normal hepatic function.

e. The use of many anaesthetic gases is associated with a high incidence of postoperative
elevation of the concentrations ofhepatic enzymes, [see chapter 10.2]. For this reason it
is best to avoid the use ofdrugs such as halothane and enflurane as their use mayexacer
bate existing hepatic dysfunction.

5. Fluid therapy.
The aim of perioperative fluid therapy is to restore, or to maintain normovolaemia.

The normal volumes ofreplacement fluids should be administered perioperatively, plus an
extravolume to replace any losses ofextracellular fluid due to ascites formation. As the rate
offormation ofascites fluid may be quite large, hypovolaemic hypotension may occur iflos
ses of ascites fluid are not aggressively managed perioperatively. Determination of the
volumes of fluid required is difficult, and can only be done by infusion of the appropriate
fluids to replace ascites losses until acceptable haemodynamics and urine output have been
achieved.

Postoperative.
Patients with classes B and C hepatic dysfunction should be routinely admitted into

an intensive care unit postoperatively for monitoring and therapy of hypovolaemia and
hypoxaemia.
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Part 11

GASTROINTESTINAL FUNCTION

Gastrointestinal function, and the effects ofanaesthesia and surgery are frequently of
limited interest to many anaesthetists, however they are of direct relevance to everyday
anaesthetic practice. The problems most relevant to anaestheticpractice that are discussed
are;

1. The duration of the preoperative fast.

2. The problems presented by the patient with a full stomach.

3. Postoperative nausea and vomiting.

4. How soon after surgery can the patient resume oral fluids and food.

5. The necessity for a nasogastric tube.
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Chapter 11.1

THE PREOPERATIVE FAST

Anaesthesia and sedation depress or block the functioning ofprotective upper airway
reflexes, making pulmonary aspiration of vomited or regurgitated gastric contents likely.
This is a complication of anaesthesia feared by both anaesthetists and surgeons alike. For
this reason patients are fasted preoperatively in the hope that the stomach is completely
empty, orat least that thevolume ofgastric contents is minjmal, prior to inductionofgeneral
anaesthesia or administration ofsedative drugs during regional anaesthetic techniques.

The generally accepted time period that the patient should remain without food or
drink prior to induction of general anaesthesia is 4 hours or more. However the necessity
for such a long preoperative fast has recently been the subject of some investigation and
review [1,2,3,4,5]. The conclusion to be drawn from all recent studies is that gastric empty
ing for a light meal, such as tea and toast, is essentially completewithin2-4 hours inpatients
who are NOT SICK. OR ANXIOUS [1]. But this is obviously not applicable to everyone as
the rate ofgastric emptying varies from one patient to another, and is influenced by a num
ber of factors such as disease, drugs and psychological factors [see also chapter 11.2].

FACTORS RETARDING GASTRIC EMPmNG
1. Psychological.
a. Preoperative anxiety or terror [4,13].
b. Severe depression.

2. Type of food.
a. liquids pass through the stomach more rapidly than solids.
b. Fatty foods pass through the stomach more slowly than non-fatty foods.
c. Antacids pass slowly through the stomach.

3. Gastrointestinal disease.
a. Mechanical stenosis, due to oesophageal stenosis, pyloricstenosis, bowel obstruction, etc.
b. Functional defects such as achalasia of the oesophagus, gastric atony, bowel obstruction,

etc.
c. Intra-abdominal sepsis of any sort retards intestinal and gastric motility.

4. Coexisting disease or variations of normal physiology.
a. Fractures of bones will usually stop or retard gastric emptying.
b. Severe pain.
c. Pregnancy, and especially labor [4,14].
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5. Drugs.
a. Glycopyrrolate, but not atropine retards gastric emptying.
b. Opiates retard gastric emptying. This effect may be reversed with naloxone.
c. Antidepressant retard intestinal motility by virtue of their anticholinergic action,

e.g. amitryptaiine, doxepin etc.
d. Alcohol in large quantities.

Table 11.1.1.
Effects of fasting on the plasma glucose concentration in children and adults.
This table gives the results of a number of investigations, giving the mean
glucose concentrationmeasured at the end ofthe period offasting mentioned,
and the percentage ofpersons with significant hypoglycaemia.

Duration Mean plasma % patients
of fast glucose conen. with glucose
(hours) (mmol/l) <3 mmol/I

ADULTS [9]
(Healthy)
males (N = 12) 24 4.35 0
females (N = 44) 24 3.2 2.5

CHILDREN [6,10]
(Healthy)
ages 0-1 yrs (N = 37) 4 4.45 2.7
ages 1-4 yrs (N =24) 13 54.1 0
ages 4+ yrs (N = 22) 13 3.96 0

CHILDREN [6]
(Underweight)
ages 0-5 yrs (N =32) 4 3.6-4.1 31

N.B. Normal plasma glucose concentration is between 3.5-5.5 mmol/l.
Hypoglycaemia is significant and often symptomatic when the plasma con
centration falls below 2-2.5 mmoVl (35-45 mg/100 mls) in adults [11,12], and
in children when it is below 3 mmoVl (55 mg/100 mls) [6].
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PROBLEMS DUE TO FASTING
1. Fasting Is unpleasant.

Both adults and children find that a protracted preoperative fast is unpleasant.

2. Increased blood viscosity.
Blood viscosity in adults increases significantly after a 24 hour, but not after a 12 hour

fast [7]. The increased viscosity is due to haemoconcentration. However, while blood vis
cosity is undoubtedly increased, the physiological effects are negligible as the increase is
only slight.

3. Hypoglycaemla.
The manifestations ofanxiety and hypoglycaemia are similar, consistingprincipally of

the manifestationsofincreased sympatheticnervous systemactivity, such as anxietyor agita
tion together with a tachycardia, elevation of the arterial blood pressure and sweating. Be
cause these manifestations are rather non-specific, no real diagnosis of their cause can be
made unless the plasma glucose concentration has been measured.

The results of various studies of plasma glucose concentrations resulting from
preoperative fasting are presented in table 11.1.1. It is apparent from this table that the
group of patients most likely to develop symptomatic hypoglycaemia are underweight
children under 5years old fasted for longer than 4hours [6]. Healthy infants under one year
old. and women may also develop fasting hypoglycaemia but this is less likely than for un
derweight children.

It is quite likely that the more rapid onset of fasting hypoglycaemia in underweight
children is due to reduced glycogen reserves [6]. Undernourished adults also have reduced
muscle and liver glycogen reserves too, and this group of patients is also prone to fasting
hypoglycaemia [12].

ANAESTHETIC CONSEQUENCES AND GUIDELINES
1. A minimum 4 hour fasting period is not unreasonable prior to an elective operation on
a normally healthy patient. Even if this is rather longer than necessary for some patients.
anxious patients require somewhat longer for "complete" gastric emptying to occur, and
most patients are anxious to a greater or lesser degree prior to surgery.

2. Consider any patient who has any of the factors retarding gastric emptying as having an
increased, or definite risk ofhaving a non-empty stomach. The anaesthetist should be espe
cially suspicious that the stomach is not empty in the categories ofpatients listed below.

a. The drunken patient, especially one who has fractured bones.
b. The terrified, anxious patient may be regarded as a patient with a stomach containing a

greater volume of fluid than a non-anxious patient coming for the same operation.
c. A patient who has undergone major trauma is a patient with a potentially full stomach,

despite the fact that some hours may have elapsed between the trauma and induction of
anaesthesia.

d. A patient without a nasogastric tube in-situ who comes for re-operation within 24 hours
after aprevious operation should be regarded as a patientwith apotentially full stomach.
Significant volumes of gastric fluid as well as saliva may have accumulated.
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e. Those patients who have been administered opiates or anticholinergic drugs prior to
surgery while the stomach was not empty. These drugs retard gastric emptying still fur
ther, increasing the chance that a significant volume of gastric contents is present at in
duction of anaesthesia. However opiates should never be denied patients who are in
severe pain because of the retardation of gastric motility that they cause. Humanity re
quires that they be administered, and the risk presented by the likelihood ofan increased
volume of gastric contents is minimized by adjusting the type of anaesthesia, or induc
tion technique.

3. Children under one year of age should be permitted to drink some liquid feed 4 hours
before inductionofanaesthesia, e.g. amilk, oraglucose solutionetc. This is certainly neces
sary for all underweight children under the age of 5 years, as all underweight children are
especially likely to develop hypoglycaemia iffasted, even for a period of4 hours [see table
11.1.1].

4. Adults whose operation is planned for the afternoon, should be permitted a light break
fast, e.g. tea and toast etc. Underweight undernourished adults should have an intravenous
glucose 5% infusion inserted preoperatively to prevent fasting hypoglycaemia.

5. Oral premedication should be administered at least 1.5-2 hours preoperatively, as gastric
absorbtion may be delayed by anxiety. Gelatine capsules and aqueous solutions ofdugs are
more rapidly absorbed than are tablets. The small amount offluid required for ingestion of
these oral medicaments, usually about 20 mls, is very rapidly absorbed. In addition to this,
20 mls is no more in volume than is what is normally present in the stomach after fasting.

MANAGEMENT OF THE PATIENT WITH A -FUll" STOMACH
Hthere is apossibilityofapatient havinga fullstomach, that is astomachwithagreater

than normal volume of intragastric contents, then measures must be taken to minimize the
chance of aspiration of the gastric contents during anaesthetic induction.

1. Decrease the volume of gastric contents.
The gastric contents of any patient with a suspected full stomach should be emptied

as much as possible prior to induction of anaesthesia by means ofgastric suction. After the
stomach has been emptied as much as is possible, the gastric tube should be removed prior
to induction of anaesthesia, as a nasogastric tube renders the oesophageal sphincters in
competent, and permits regurgitation of stomach contents alongside the nasogastric tube.
Prior to its removal, an antacid solution should be introduced into the stomach through the
tube so as to increase the pH of the contents above 2.5 [see below].

2. Decrease the acidity of the gastric contents.
Gastric acidity may be reduced using anyone of a variety of antacid solutions. in

creasing the pH of the gastric contents has two effects. The tone of the lower oesophageal
sphincter is increased which makes regurgitation ofgastric contents less likely [8]. In addi
tion, if the pH of the gastric contents are increased above 2.5, pulmonary damage due to
aspiration ofgastric contents is reduced [5]. Effective dosages for adults are given below.
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• Magnesium trisilicate mixture B.P.c. 20 mls.This maintains the gastric pH above
2.5 for about 2 hours [5].

• Sodium citrate solution (0.3 mmol/l) 20-30 mls.This also maintains the gastricpH
above 2.5 for about 2 hours [5].

3. Anaesthetic technique.
a. General anaesthesia.

Ifgeneral anaesthesia is indicated, use a rapid intravenous induction sequence for in
duction of anaesthesia ("Crash induction"), with cricoid pressure to minimize the chance of
regurgitation ofgastric contents. Insertion ofa cuffed endotracheal tube and positive pres
sure ventilation will minimize the chance of aspiration. Maintenance of anaesthesia may
otherwise be done using any drugs deemed appropriate.

After the operation the endotracheal tube should only be removed when the patient
is sufficiently awake with enough muscle power, and reflexes to protect his airway against
aspiration of gastric contents should he vomit or regurgitate.

b. Regional anaesthesia.
There is no contraindication to regional anaesthesia if this is an appropriate techni

que for the patient and procedure planned. However the patient should not be excessively
sedated, as a sleeping sedated patient cannot protect his airway adequately against possible
aspiration ofgastric contents.
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Chapter 11.2

EFFECTS OF SURGERY &ANAESTHESIA ON GASTROINTESTINAL
FUNCTION

Gastrointestinal motility and function is regulated by centrally as well as locally
mediated neural and hormonal factors. There is both a parasympathetic as well as sym
pathetic nervous innervation of the gastrointestinal tract. But this appears to only have a
modulatory function as dennervation does not alter normal spontaneous gastrointestinal
activity. Gastrointestinal activity is also regulated by a large number of local and systemic
hormones [1]. All these regulatory and control mechanisms are affected by surgery and
anaesthesia, which can have a profound effect on gastrointestinal function.

EFFECTS OF TRAUMA AND SURGERY
"Postoperative ileus" is a well recognized syndrome in clinical surgical practice. It

usually manifests as an inability to absorb oral fluids or solids, as evidenced by nausea,
vomiting and abdominal distension when food and drink are administered too soon
postoperatively. For this reason postoperative fasting and nasogastric drainage are com
monly employed to prevent fluid accumulating in the stomach.

1. Effect of Increased sympathetic actiVity.
The causes of "postoperative ileus" are not well defined, but the autonomic nervous

system is certainly involved. Pain and surgery increase sympatheticnervous activity, and this
is known to depress gastrointestinal activity. Blockade of abdominal sympathetic afferent
and efferent activity with epidural anaesthesia has been shown to prevent the depression
of gastric motility resulting from intra-abdominal operations such as cholecystectomy [3]
or hysterectomy [5], although it does not prevent the depression of colonic activity result
ingfrom cholecystectomy[4].These somewhatvariable results showthatwhile the sympath
etic nervous system certainly plays an important role in the pathogenesis of postoperative
ileus, it is not the only factor.

2. Effect of altered gastrointestinal hormone concentrations.
Gastrointestinal hormone concentrations are also affected by trauma and surgery. An

example of this is the effect of surgery on "motilin", a gastrointestinal hormone. The plas
ma motilin concentration falls immediately on commencing surgery, and simultaneously
gastrointestinal activity is depressed. Recovery of gastrointestinal function occurs simul
taneously with the spontaneous restoration of normal plasma motilin concentrations [6].
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Conclusions.
It is apparent from this small review that trauma and surgery significantly affects the

neuro-endocrine physiology of the gastrointestinal tract, the final result of which is to
depress gastrointestinal propulsive activity.

REGIONS OF THE GASTROINTESTINAL TRACT AFFECTED BY SURGERY
Many studies have been performed to define those sections of the gastrointestinal

tract most sensitive to the effects of surgery, and to define approximately how long such ef
fects last. These studies all show that spontaneous electrical, contractile and propulsive ac
tivity of the gastrointestinal tract are depressed by surgery, and the depression of activity
extends into the postoperative period [7,8,9,10].

1. Regions of gastrointestinal tract most affected by surgery.
Gastrointestinal activity is depressed by all forms of surgery, but it is depression of

spontaneous gastric emptying that causes the intolerance of food and fluids in the beginn
ing ofthe postoperative period [7,8]. Studies ofpatients undergoingvarious types ofsurgery
all show that spontaneous activity of the small intestine is minimally depressed, and may
continueeven duringmajor surgery.The small intestine is the first sectionofthegastrointes
tinal tract to recover its spontaneous contractile and propulsive activity, and subsequently
the stomach. The colon is the section of the bowel which recovers last ofall. It may take up
to 3-5 days before any faeces or flatus are passed after major intra-abdominal surgery
[7]. Animal studies have confirmed this pattern [9,10,18], and have shown that it is the sig
moid colon which is the last section of the gastrointestinal tract to regain normal spon
taneous activity [10].

2. Effect of site of operation on gastrointestinal depression.
The site of operation influences the duration of any postoperative depression of

gastrointestinal contractility. Spontaneous gastric propulsive activity is depressed in near
ly all patients postoperatively, regardless of the site of operation. However gastric motility
recovers more rapidly in patients whose operation is extraperitoneal rather than in those
undergoing intraperitoneal operations [7].

3. Effect of magnitude of operation on gastrointestinal depression.
Human studies show that there is a relationship between the magnitude ofan opera

tion and the duration ofpostoperative gastrointestinal depression [6,7,2]. Gastric emptying
is normal shortly after light general anaesthesia for minor procedures such as cystoscopy
[2]. Gastric motility has also been found to be normal within 24 hours in 62% of patients
undergoing extraperitoneal procedures, while it is normal in only 40% ofpatients who have
undergone major intraperitoneal surgery [7].

EFFECTS OF ANAESTHESIA
Anaesthetic procedures are minimally traumatic, and as a consequence, the

gastrointestinal effects of anaesthesia are those of the drugs employed.
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1. Sedatlve/hypnotlc drugs.
Diazepam has no effect on the rate ofgastric emptying [13,14]. Thiopentone increases

the electrical activity and the motility of the duodenum and jejunum, but not the stomach
or ileum [16]. Neither ketamine nor althesin affect gastric emptying [12].

In practice it may be expected that none of the sedativelhypnotic drugs used in anaes
thesia significantly depress gastrointestinal function in the postoperative period.

2. Anticholinergic drugs.
Anticholinergic drugs have a pronounced effect on gastrointestinal function, reduc

ing the rate of secretion from the mucosal glands, as well as decreasing gastric, small and
large intestinal motility in normal therapeutic dosages [15]. For example a dose of 0.8 mg
atropine is more than sufficient to block the propulsive activity of the human colon [15].

3. Anaesthetic gases.
Thevolatile anaestheticgases, diethyl-ether, chloroform, cyclopropane and halothane

depress spontaneous gastrointestinal activity in adose related manner, the effect disappear
ingwhen the drugs are no longerpresent at anaesthetic concentrations within the body [12].

Nitrous oxide diffuses rapidly through biological membranes, increasing the volume
and pressure within any closed gas containing cavity in the body. This is because the usual
gases present in these cavities diffuse into the blood much less rapidly than nitrous oxide
diffuses into the cavity. Nitrous oxide diffuses through biological membranes34 times more
rapidly than nitrogen. The result of all this is that the gastrointestinal tract becomes dis
tended with gas, mainly nitrous oxide, during the course of a long operation. Canine
experiments show that the maximum degree ofgastrointestinal distension is achieved after
200 minutes (3.4 hours) of inspiring a 70% nitrous oxide - 30% oxygen mixture [17]. Such
gaseous distension can cause the volume of the intestines to be so great that closing the ab
domen after prolonged intra-abdominal surgery is very difficult. This is a problem com
monly encountered by many anaesthetists and surgeons.

4. Opiates.
Opiates are frequently used during the perioperative period. Administration of any

opiate depresses the electrical activity of the stomach as well as that of the small intestine
[3]. The rate of gastric emptying is also slowed [8,13,14], as is small and large intestinal
propulsive activity [12].

In addition to the above effects, morphine, and other opiates, with the exception of
pethidine, increase intraluminal gastrointestinal pressures by causing uncoordinated intes
tinal contractions [12].

5. Muscle relaxant drugs.
These drugs do not appear to affect gastrointestinal motility.

6. Antlchollnesterases.
Drugs such as neostigmine and other anticholinesterases are used to reverse the ef

fects of anticholinergic drugs. Neostigmine increases gastrointestinal propulsive activity as
well as increasing the intraluminal intestinal pressures. Intraluminal pressures of up to 75
mmHg have beenmeasured after administrationof0.25 mg neostigmine intravenously [12],
and use of these drugs may be associated with a higher frequency of leakages of intestinal
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anastomoses. Atropine and anaesthetic concentrations of halothane reduce these effects
somewhat [12].

7. Regional anaesthesia.
Regional anaesthetic techniques such as epidural anaesthesia increase gastrointes

tinal motility, and inhibit surgery induced reduction of gastric, but not colonic emptying
[3,4,5].

CUNICAL CONSEQUENCES
The clinical consequences of all the above are mainly related to postoperative surgi

cal management rather than anaesthetic management, as the effects of anaesthesia as such
are temporary. Some clinically relevant consequences are listed below.

1. TIme to resumption of oral fluids and food.
a. Minor elective surgery.

Minor elective operative procedures performed under general anaesthesia such as
cystoscopy or uterine curettage have no significant effect on gastric or intestinal function.
Patients who have undergone such procedures may be permitted to drink as soon as
consciousness and airway reflexes have returned to normal.

b. Non-abdominal surgery.
Procedures which are extraperitoneal, and of the order of magnitude of an inguinal

herniorrhaphy, sympathectomy, excision of herniated lumbar intervertebral discs, or less,
may reduce gastric emptying for 8-24 hours postoperatively. Patients who have undergone
uncomplicated surgical procedures of this order of magnitude under general anaesthesia
should only be permitted to cautiously resume ingestion of oral fluids about 8 hours pos
toperatively.

c. Intra-abdominal surgery.
Intra-abdominal operations retard the rate ofgastric emptying for a period of at least

24 hours in most patients, regardless of the magnitude of the procedure. Colonic motility
may be depressed for up to 3-5 days postoperatively. Ifthe operation is greater in magnitude
than a cholecystectomy, then insertion of a nasogastric tube is desirable to prevent possible
excessive postoperative accumulation offluid in the stomach secondary to prolonged gastric
atony.

Oral fluid intake may be gradually resumed once there is auscultatory evidence of in
testinal activity, together with evidence of minimal gastric retention measured one hour
after administration of test doses of 50-100 mls of water into the stomach through the
nasogastric tube.

2. Effects of postoperative drugs.
Postoperative administration of opiates slows the return of normal gastrointestinal

motility, slowing the return to normal oral ingestion of fluids.

3. Administration of oral medications.
Oral medications cannot be administered until gastric motility has returned. This

means that some patients will have to miss their usual medication for about 8-24 hours at
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least. If any drugs must be given, then they should be administered by suppository,
intramuscularly, or by intravenous infusion.
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Chapter 11.3

NAUSEA AND EMESIS

Nausea and vomiting are sometimes unpleasant and troublesome accompaniments to
surgery, anaesthesia, or the use of some drugs.

Nausea is defined as the desire or tendency to vomit. Vomitingshould always be care
fully be differentiated from regurgitation. Regurgitation is the passive reflux: ofgastric con
tents through a relaxed oesophagus and oesophageal sphincters. Vomiting is an active
process, consisting of the simultaneous closure ofthe glottis, elevation of the soft palate to
close the nasal cavity, relaxation ofoesophageal sphincters, contraction of the pylorus, and
a powerful synchronous contraction of the diaphragm and abdominal muscles. The end
result ofall these changes is the forceful expulsion ofgastric contents into the oropharynx.

Table 11.3.1.
Known neurotransmitter receptors in nuclei involved in nausea and
vomiting [1].

Vomiting center - Histamlne-H1
- Acetylcholine-muscarinic

Chemoreceptor trigger zone - Dopamine-D2

Vestibular center - Histamine-H1

CONTROL OF NAUSEA & EMESIS
The act of vomiting itself is controlled from the vomiting center, which consists of a

bilateral nucleus situated deep in the medulla at the level ofthe dorsal motor nucleus, near
the tractus solitarius.
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1. There is also a chemoreceptor trigger zone which is able to trigger vomiting. This is also
abilateral structure, located in the surface of the medulla in the floor of the fourth ventricle
at the level of the area postrema.

2. Rapidly changing motion may also trigger vomiting. This is mediated via the lateral ves
tibular nuclei.

3. Unpleasant psychic stimuli may also trigger vomiting. The neurological pathways initiat
ing vomiting in these cases is unknown.

4. Direct gastric irritation may initiate vomiting.

Some progress has been made in identifying some of the neurotransmitters and their
receptors in the various nuclei involved in nausea and vomiting. These are shown in table
11.3.1.

PROBLEMS DUE TO NAUSEA AND VOMITING
Perioperative, and especially postoperative nausea and emesis may adversely affect

the result of an operative procedure, quite apart from the fact that it is exceedingly un
pleasant for the affected person. These problems fall into three categories.

1. Pulmonary aspiration.
Pulmonary aspiration of gastric contents may occur. This is especially likely to occur

in patients with a reduced level ofconsciousness due to sedation, and during or aftergeneral
anaesthesia. A reduced level of consciousness due to sedation and general anaesthesia
diminishes the efficacy of protective laryngeal and pulmonary reflexes. These reflexes con
sist of closure of the larynx and cessation ofspontaneous respiration in response to stimula
tion of the nasal and respiratory mucosa.

The elderly are especially prone to pulmonary aspiration, as age is accompanied by a
progressive decrease in the efficacy of these protective airway reflexes [2], and this is only
exacerbated by general anaesthesia and sedation.

2. Forceful contraction of abdominal musculature.
Vomiting causes forceful contractions of the abdominal muscles, and this, coupled

with the associated contraction of the diaphragm may cause the intra-abdominal pressure
to rise to such a degree that abdominal wall sutures may either tear out, or become un
knotted. In such cases abdominal wound dehiscence, or incisional hernias may occur.

3. Raised venous pressure.
The act ofvomiting elevates the venous pressure considerably. Such elevation of the

venous blood pressure can cause postoperative problems in those patients who have under
gone intraocular operations. The chance ofvitreous haemorrhage may well be increased by
repeated vomiting after a procedure such as intracapsular lens extraction.
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Table 11.3.2.
Percentage frequency of postoperative nausea and/or vomiting due
to various drugs used in anaesthesia.

Induction agents.
(Atropine premedication, nitrous oxide-oxygen anaesthesia
with intermittent Lv. injection of induction agent [4])

Thiopentone
Methohexitone
Ketamine
Etomidate

- 17%
- 26%
- 41%
- 39%

Opiates.
(administered Lm. for premedication [5])

Morphine
Papaveretum

- 55-75%
- 58%

CAUSES OF NAUSEA AND EMESIS
As has already been implied above, there are various possible causes of nausea and

emesis. These may be classified as below.

1. Central nervous system causes.
a. Direct mechanical stimulation of the vomiting center by trauma, tumors, etc.
b. Psychic factors such as disgust, fear, anxiety, etc.
c. Hypotension, e.g. due to spinal anaesthesia [4].
d. Rapidly changing motion, e.g. travel sickness.

2. Chemical stimulation of the nervous system.
Drugs such as cytotoxics, digoxin, opiates, anaesthetic induction agents, and nitrous

oxide [3], are known to be associated with an elevated incidence of nausea and vomiting.
The percentage frequency ofnausea and vomiting associated with various drugs used

in anaesthesia are set out in table 11.3.2.

3. Gastrointestinal irritation.
Direct gastrointestinal irritation may stimulate nausea and emesis by causing direct

chemical irritation of the stomach, or gastric distension.

a. Direct chemical irritation of the gastrointestinal tract, e.g. copper sulphate.
b. Gaseous gastric distension such as may occur as a result of gas being blown into the

stomach during mask ventilation, or due to passive diffusion of nitrous oxide into the
stomach during anaesthesia [3].



Nausea & emesIs 413

c. Gastric distension due to excessive ingestion or accumulation of fluids, solids or both.

Table 11.3.3.
Drugs used for treatment and prevention of postoperative nausea
and vomiting listed in increasing order ofefficacy [4,6,7]. (dosages
for Lm. or Lv. administration in adults).

LEAST
EFFECTIVE

MOST
EFFECTIVE

Atropine
Hyoscine
Metoclopramide
Domperidone
Promazine
Promethazine
Trlmeprazine
Prochlorperazine
Chlorpromazine
Cyclazine
Perphenazlne
Droperidol
Haloperidol

O.5mg
O.4mg
10mg
10mg
25-50 mg
25-50 mg
50mg
12.5 mg
25mg
50mg
2.5-5 mg
2.5-5 mg
2.5-5 mg

MANAGEMENT OF NAUSEA AND VOMmNG
The prevention and management of perioperative nausea and vomiting is adjusted

according to the cause, either gastrointestinal irritation, or chemical stimulation.

1. Gastrointestinal Irritation.
Nausea and vomiting due to direct gastrointestinal irritation may be prevented by;

a. emptying the stomach with a\nasogastric tube,
b. avoiding manual ventilation ofpatients under anaesthesia with a face mask,
c. not using nitrous oxide in any anaesthetic gas mixture.

2. Chemical stimulation.
It is obvious that a drug, or combination of drugs, that blocks more than one of the

three known receptor types in the vomiting center and chemoreceptor trigger zone, is more
likely to be effective than a drug which acts on only one receptor type alone. Such drugs are
the phenothiazine derivatives, and the butyrophenones. These blocknot only dopamine In
receptors, but frequently also block histamine-Hl receptors as well as causing a variable
degree of muscarinic blockade. Table 1133 lists various drugs used for treatment of pos
toperative nausea and vomiting in order ofefficacy.
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3. Vestibular stimulation.
This is either due to travel sickness, or due to middle ear operations. The most effec

tive groups ofdrugs for these patients are the anticholinergicdrugs such as atropine orhyos
cine, or the antihistamine drugs (histamine-HI receptor blockers).

4. Intractable vomiting.
Intractable vomiting due to such stimuli as cytostatic drugs responds best to a com

bination of drugs. The most effective combination reported being nortryptaline and
prochlorperazine [1]. Presumably the greater efficacy of combination drug therapy is due
to multiple receptor blockade. Antidepressant drugs block the central acetylcholine recep
tors, while the phenothiazines block the dopamine receptors and often the histamine HI
receptors too.
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Part 12

ELECTROLYTE DISORDERS

Electrolyte disorders are common in the perioperative period. They may be induced
by disease, surgery, anaesthesia, and intravenous fluid therapy. These disorders can cause
significant clinical problems in their own right, as well as altering the effects of anaesthetic
drugs or techniques.

As the management, and indications for management ofsome of these disorders are
often a source of some confusion to many junior physicians, this section is devoted to a
detailed clinically oriented discussion of the more common electrolyte disorders.
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Chapter 12.1

HYPONATRAEMIA & HYPO-OSMOLALITY

Hyponatraemia and the hypo-osmolar syndrome usually occur simultaneously, as
plasma osmolality is mainly determined by the plasma sodium concentration. Hypo
natraemia ispresentwhen the plasmasodiumconcentration is lower than 135 mmoVI, (nor
mal range = 135-145 mmoVI).

CAUSES
1. Increased water Intake relative to sodium Intake.
a. Polydipsia.
b. Iatrogenic causes.
- Excessive intravenous infusion of Glucose 5% solution.
-Transurethral resection ofprostate syndrome. This is a syndrome thought to be caused by

acute water intoxication due to accidental suddenintravenous infusion ofbladder irriga
tion solutions into open prostaticveins during transurethral resection ofthe prostate [1].

2. Decreased renal concentratIng ability.
This occurs in renal failure, especially ifthe patient also simultaneously ingests a large

amount ofwater.

3. Fluid losses where relatively more sodium Is lost than water.
a. Gastrointestinal fluid losses such as due to vomiting, diarrhoea, or bowel obstruction.
b. Renal sodium losses due to diuretic use.
c. Skin losses due to excessive sweatingwhere the water loss is replaced, but not the sodium

loss.
d. Hormonally caused losses, as with hypoaldosteronism or Addison's disease.

4. Increased ADH secretion.
a. Hypovolaemia.
b. Postoperatively, or after any major trauma.
c. Hypothyroidism.
d. "Inappropriate" ADH secretion.
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5. Hyperosmolar syndromes.
These are syndromeswhere hyperosmolar extracellularfluid causeswater to be drawn

from the cells into the extracellular fluid volume. decreasing the sodium ion concentration.
This may occur in situations such as hyperglycaemia, and after mannitol infusion [2].

PROBLEMS
The manifestations of hyponatraemia are dependent on whether it is associated with

plasma hyperosmolality or hypo-osmolality. These two forms ofhyponatraemia are able to
be differentiated on the basis of clinical history, together with measurement of the plasma
sodium concentration and the haematocrit.

1. Hyperosmolallty & hyponatraemia.
Hypo-osmolality is caused by infusion of hypertonic sodium poor fluid which causes

intracellularwater to move into the extracellularfluid space, reducing the extracellularplas
ma sodium concentration. The usual cause of this form of hyponatraemia is a mannitol in
fusion. Clinical manifestations are those ofhyperosmolality, and not ofhypo-osmolality [see
chapter 12.2].

The effects of infusion of mannitol solutions has been discussed in chapter 9.3 on
threatened renal function, and diabetes mellitus has been discussed in chapter 7.1.

2. Hypo-osmolality & hyponatraemla.
Plasma and extracellular fluid osmolality is principally determined by the extracel

lular fluid sodium concentration as is shown by equation 1below.

Oecf =1.75x[Na] + 2x[K] + 2x[Ca] + [Glue] ......(1)

Oecf =osmolality of the extracellular fluid in mosm/l.
[Na] = plasma sodium concentration in mmoVl.
[K] =plasma potassium concentration in mmoVl.
[Cal = plasma total calcium concentration in mmoVl.
[Glue] = plasma glucose concentration in mmoVl.
(Normal plasma osmolality is 280-300 mosmoVl)

Simultaneous hypo-osmolality and hyponatraemia are due to loss of extracellular
sodium relative to water, or of a greater water than sodium intake. Clinical manifestations
of hyponatraemia are due to interstitial fluid hypo-osmolality caused by dilution of
extracellular sodium.

a. Mortality.
The mortality of acute hyponatraemia due to acute water intoxication in children is

about 50% in children whose plasma sodium concentration is below 125 mmoVl, and the
morbidity in the survivors is high, consisting mainly ofbrain damage [7].

b. Cardiovascular manifestations.
Depending on the cause ofhyponatraemia, the patient may be either hypervolaemic

or hypovolaemic.
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c. Neurological manifestations orhypo-osmolar hyponatraemia.
If the extracellular fluid osmolality falls below that of the intracellular fluid, cellular

swelling occurs. This has been demonstrated in experimental animals subjected to acute
hyponatraemia, where it was demonstrated that intracellular fluid volume of the bodies as
awhole increased, with swelling of the brain as well as of other organs [4]. Pathological ex
amination of the brains of patients who have died of acute water intoxication also shows
that cerebral oedema is present [7]. Swelling of central nervous system cells causes the
neurological manifestations ofhyponatraemia. These are variable, ranging from alteration
of consciousness to coma., with or without abnormal muscle movements which range in
severity from fasciculations to convulsions [6,7, see also table 12.2.1].

In experimental animals, intracellular brain water increases significantly when the
plasma osmolality acutely falls by about 45 mosm!kg [5], or when the plasma sodium con
centration falls below 125 nunolll [6], findings which agree well with what is clinically ob
served in humans [6]. A fall of plasma osmolality of 45 mosm/kg corresponds with a drop
ofplasma sodium concentration of about 20-30 mmolll, i.e. plasma sodium drops from the
normal value of 135-145 to 115-125 mmol/l.

The severity of the manifestations are related to the rapidity of onset of the
hyponatraemia. The more rapid the onset, the more pronounced the clinical disorder for a
given plasma sodium concentration [7]. Nerve cellvolume tends to return to normal ifhypo
osmolar hyponatraemia is maintained longer than 24 hours, and this explains the minimal
symptoms ofpatients with chronic hyponatraemia [4,5].

MANAGEMENT
The requirement for treatment of hyponatraemia depends on whether the hypo

natraemia is symptomatic. Asymptomatic hyponatraemia does not require urgent treat
ment. Symptomatic hyponatraemia is more likely to be acute hyponatraemia, while chronic
hyponatraemia is often asymptomatic. These two types of hyponatraemia may be defined
by their rapidity of onset.

1. Acute and chronic hyponatraemla.
a. Definition or acute hyponatraemia.

Acute hyponatraemia may be defined as hyponatraemia that occurs within a 24 hour
time period. Such rapid onset of byponatraemia causes cellular swelling. Clinically evident
neurological and cardiovascularmanifestations occurfrequently in thesepatients, as it takes
24 hours and longer for cell membrane ion pumps to restore cell volume to normal [4,5].

b. Definition or chronic hyponatraemia.
Chronic hyponatraemia may be defined as hyponatraemia which occurs over a period

of time longer than 24 hours, or has lasted longer than 24 hours. Because of the slow onset,
or chronic nature of hyponatraemia, cerebral intracellular volumes, and other cellular
volumes are normal as cell membrane ion pumps restore normal cell volume by 24 hours
after acute cellular swelling due to hyponatraemia has occurred [4,5, see above]. Clinical
neurological manifestations are usually minimal, being mostly related to the cause of the
hyponatraemia.
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2. Assessment.
The clinical circumstances under which hyponatraemia has occurred often reveal the

cause, whether it is likely to be acute or chronic, and also give information as to whether
the patient is either hypervolaemic or hypovolaemic. This may also be determined by
measurement of the haematocrit, which is an accurate guide, provided that no significant
blood loss has occurred.

3. Types of hyponatraemla.
a. Hypervolaemic hyponatraemia.

The patients have manifestations of circulatory overfilling in addition to
hyponatraemia. Insuch cases, infusionofhypertonic sodium chloride solutions will onlyag
gravate the existing hypervolaemia. The treatment of choice is a powerful rapidly acting
diuretic, e.g. frusemide. As more water is lost relative to the sodiumloss, both the hypervol
aemia and hyponatraemia are effectively treated with this drug. Asodium chloride solution
may be administered ifthe patient is still hyponatraemic after normovolaemia has been res
tored.

b. Hypovolaemic hyponatraemia.
The bypovolaemic patient does not require reduction of the circulatory

volume. Instead the appropriate therapy is to restore both the circulatory and extracellular
fluid volumes and sodium concentration with a rapid infusion of hypertonic saline, (NaC!
1.8% or NaC! 2.7%).If the patient is in hypovolaemic shock, the plasmavolume should first
be increased with a sodium ion containing plasmavolume expander, e.g. plasma, a gelatine
solution, or dextran in 0.9% sodium chloride solution.

The amount ofsodium required to restore the extracellular sodiumconcentration can
be roughly calculated using equation 2 below. This makes the assumption that the normal
extracellular fluid volume is about 20% of the body weight, and that sodium is only dis
tributed throughout the extracellular fluid volume.

WEIGHT
Nadef =N8dose = x ([Na]d - [Na]m] (2)

5

N8clef = whole body extracellular sodium ion deficit in mmols.
N8close = amount of sodium required to replace deficit in mmols.
WEIGHT = body weight in kg.
[Na]m = measured plasma sodium concentration in mmoVl.
[Na]d = desired plasma sodium concentration in mmol/l.

During the course of any treatment for hyponatraemia the plasmasodium concentra
tion and the arterial blood gases should be measured regularly.

ANAESTHETIC MANAGEMENT
1. No hyponatraemic patient should be permitted to undergo elective operation until the
cause of the hyponatraemia has been investigated and treated.
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2. H a patient becomes acutely hyponatraemic during operation, e.g. transurethral resec
tion of the prostate, terminate the operation as speedily as pOSSIble, and simultaneously
begin treatment.

3. Hyponatraemia has no consequences for anaestheticmanagement as such. The form and
type of anaesthesia required should as usual be dictated by the clinical condition of the
patient and the nature of the surgical procedure planned.
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Chapter 12.2

HYPERNATRAEMIA &HYPEROSMOLALITY

Plasma osmolality is determined to a major degree by the plasma sodium concen
tration [see equation 1in chapter 12.1]. Hypernatraemia invariably causes hyperosmolality
of the extracellular fluid. A plasma sodium concentration greater 145 mmol/1 may be
defined as hypernatraemia, the normal range being 135-145 mmoVl.

CAUSES
The cause of hypematraemia in a patient determines the treatment that is re

quired. Some of the more common causes ofhypernatraemia are listed below.

1. Loss of water With a low sodium content.
Many ofthe bodyfluids that maybe lost contain alower concentrationofsodiumthan

does the extracellular fluid [table 12.2.1]. Loss of excessive volumes of these fluids causes
hypernatraemia.

Table 12.2.1.
Normal sodium concentrations of various body
secretions and fluids.

Fluid

Urine
Sweat
Gastric
Jejunum
Ileum
Caecostomy
Faeces

Normal range of sodium
concentrations (mmol/l)

40-90
8-104
31-90
72-128
91-140
48·116
5-112
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a. Pure water loss may occur as a result of tachypnoea causing increased losses ofwater in
expiratory gases, or evaporation ofwater from extensive surface burns.

b. Polyuria.
c. Vomiting, diarrhoea.
d. Excessive sweating due to high environmental temperatures, fever etc [1].

2. Failure to Ingest water.
Failure to ingest water may occur in a variety of conditions such as;

a. reduced level of consciousness,
b. inability to drink due to disease, e.g. severe stricture of the oesophagus. bowel obstruc

tion, etc,
c. or inanition due to disease.

3. Ingestion of salt, or hypertonic sodium containing fluids.
Excessive ingestion ofsodium salts may occur for a variety of reasons.

a. Salt ingestion of all kinds, whether as an attempt at selfpoisoning, or to induce emesis.
b. Seawater ingestion. The sodium concentration of seawater is 450-500 mmolll, and so is

very hypertonic.
c. Infusion ofsodium bicarbonate in excessive amounts during cardiopulmonary resuscita

tion, or correction of acidosis. The sodium concentration in an 8.4% NaHC03 solution
is tOOO mmoVI.

d. Feeding babies with undiluted cow's milk may cause hypernatraemia. Cow's milk has a
sodium concentration three times that of human milk. Concentrated powdered cow's
milk baby feeds may also cause the same problem.

4. Hormonal.
Several endocrine disorders can cause hypernatraemia, e.g. Cushing's syndrome, and

primary hyperaldosteronism.

PROBLEMS
The problems of hypernatraemia are related to the cause of the hypematraemia, as

well as the problems caused by extracellular fluid hyperosmolarity.

1. Mortality.
The mortality ofuntreated acute hypernatraemia in children is high, varying between

10-70% [5J, and even when treated still has a high mortality of about 20% [6J.

2. Change of extracellular fluid volume (ECFV).
The ECFV may either increase or decrease, depending on the cause of hyper

natraemia. If the change of ECFV is great enough hypervolaemia or hypovolaemia may
occur.

3. Altered renal function.
Renal function is altered by most conditions causing hypernatraemia, the change

being related to the type ofhypernatraemia.
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a. Nonnovolaemic hypernatraemia.
In experimental animals in which normovolaemic hypernatraemia is induced, the

urine output increases, but the urinary sodium concentration never rises more than slight
ly above the plasma sodium concentration. The net result of the increased urinary produc
tion is to reduce the ECFV, and make the situation worse by causing hypovolaemia in ad
dition to the existing hypematraemia [2].

b. Hypervolaemic hypernatraemia.
The situation here is different. Animal investigations show that the urine output in

creases, and the urinary sodium concentration may be as much as twice that of the plasma
sodiumconcentration.The effect ofthis is aspontaneous correctionofboth hypematraemia
and hypervolaemia [2].

Co Hypovolaemic hypernatraemia.
Oinical observationinhumans with hypovolaemichypernatraemia, and animal inves

tigations show that oliguria occurs, with urine of low specific gravity and osmolality being
produced [2]. In this situation the normal physiological response does not exacerbate the
hypovolaemia, but hypernatraemia is also not spontaneously corrected.

3. Acidosis.
Metabolic acidosis may occur due to reduced renal excretion of hydrogen ion, even

in the presence of hypokalaemia [2].

4. Cardiac manifestations.
As the entry of sodium ion into the cell is the cause of membrane depolarization of

electrically active cells, it is not surprising that hypernatraemia also has been reported to
have some effect on the electrophysiological properties of the heart [3]. Hypematraemia
increases the rate of change of membrane voltage in phase-l of myocardial cellular
depolarization. 1bis has a number of effects on the Eoo.

a. In animals whose electrocardiographic QRS complex duration has been increased by
quinidine administration, an infusion of hypertonic sodium causes the duration of the
QRS complex to decrease [3].

b. The EeG manifestations of hyperkalaemia may also be reversed by a rapid infusion of a
hypertonic sodium solution [see chapter 12.4].

c. ElectrocardiographicT-wave inversion has been reported in a man with extreme chronic
hypernatraemia (plasma sodium concentration 216 mmol/l), and similar T-wave inver
sion has been induced in dogs and humans by infusion of sodium chloride solutions
directly into the coronary arteries [3].

5. Neurological manifestations.
Regardless ofwhether hypernatraemia is associated with any change ofECFV, eleva

tion of the plasma sodium concentration alters neurological function. 1bis is principally
caused by cellular dehydration due to movement ofwater out of brain cells secondary to
increased interstitial fluid osmolality [4,5,7]. An increase ofinterstitial fluid osmolality rela
tive to intracellular nerve cell osmolality of at least 30-35 mosm/kg is required before any
significant change of cell volume occurs [7]. Neurological manifestations are more likely
with hypernatraemia ofrapid onset, than with chronicsustained hypematraemia.1bisis be-
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cause nerve cell volume tends to return to normal after about 24 hours of sustained hyper
natraemia, due to an increase of intracellular osmolality which occurs by this time [4,7].

The clinical manifestations ofhypernatraemia in adults are rather vague, being rather
more the manifestations of the cause of the hypernatraemia. In general most patients
manifest varying degrees of reduction of consciousness, varying from lethargy to frank
coma. Convulsions may occur, but are more common in children [2,5].

The manifestations of acute hypematraemia in children are directly related to the
plasma sodium concentration [5,6, see table 12.2.2].

Acute hypematraemia may cause such a degree of cellular and brain volume reduct
ion due to cellular dehydration, that intracranial blood vessels are torn, causing avariety of
haemorrhagic complications. These range from intracerebral to subdural haematomaswith
their associated morbidity and mortality [2,5,6].

Table 12.2.2.
Manifestations of acute hyper- and hyponatraemia related to the plasma sodium
concentration [5,6,8].

PLASMA [Na] CLINICAL MANIFESTATIONS
(mmol/I)

< 112 mmol/I - Level of consciousness varies from stupor to coma.
- Convulsions occur in most patients.

<125 mmol/l - Muscle twitching.
- Nausea, emesis.
- Altered level of consciousness varying from

confusion to coma.
- Convulsions may occur in some patients.

< 131 mmol/I - Muscle cramps.
- Impaired taste sensation.
- Anorexia.

135-145 mmol/l • NORMAL

145-158 mmol/l - Level of consciousness decreased.
- Marked irritability.
- Many patients have increased muscle tone with

hyper-reflexia and twitching.
- Convulsions may occur in some patients.

> = 158 mmol/l - As above, plus convulsions occur in most patients.
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MANAGEMENT
The requirement for therapy is dictated by the rapidity with which hypernatraemia

occurs and the presence of clinical manifestations. Diagnosis of the various syndromes of
hypematraemia is done on the basis ofclinical history, as well as haematocrit, togetherwith
the plasma sodium concentration.

In general it is acute rather than chronichypernatraemia thatcauses symptoms. These
two forms ofhypernatraemia are defined below.

1. Acute & chronic hypematraemla.
a. Deftnition ofacute hypernatraemia.

Acute hypernatraemia is defined as hypernatraemia that has occurredwithin a24 hour
time period. This is too short a time for normal cellular mechanisms to restore the cerebral
intracellularvolume to normal [4,7]. Neurological manifestations are accordingly more fre
quent as a result of acute rather than chronic hypematraemia.

b. Definition ofchronic hypematraemia.
Chronichypematraemiamaybe defined as hypernatraemia that has lasted longer than

24 hours, orwhich has occurred over aperiod longer than 24 hours. Because changes ofcell
volume are reversed by about 24 hours after onset of acute hypematraemia [4,7], clinical
neurological manifestations are not as frequent as during acute hypernatraemia.

2. General measures.
Administer oxygen, maintain a clear airway. Endotracheal intubationwith controlled

ventilation may be required for some patients. Manage convulsions as they occur with the
appropriate anticonvulsive drugs.

3. Rate ot correction ot hypematraemla.
The rate of correction of hypernatraemia depends on the duration of the hypemat

raemia.1fthe hypematraemia is ofmore than 24 hours duration, the intracellularosmolality
has increased, and rapid reductionofthe extracellularfluid osmolalitycauses cellular swell
ing due to a relative lowering ofECFY osmolality. This causes the same manifestations as
acute hyponatraemia.

• It is recommended that correction of severe chronic hypematraemia be carried
out over a period of two to three days, otherwise cellular swelling may occur, e.g.
in brain [2].

• Hypernatraemia of less than 24 hours duration may be corrected more rapidly.

4. Types ot hypematraemla.
a. Normovolaemic hypematraemia.

The principle of therapy of any form ofhypernatraemia is to dilute the plasma so that
the sodium concentrationfalls. In this case adiuretic drug such as frusemide is administered
to increase renal sodium excretion, and simultaneously an infusion ofglucose 5% solution
is started. During the course of therapy, administration of potassium may be required to
correct any dilutional deficiency that may develop.
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b. Hypervolaemic hypernatraemia.
Diuretics should be administered to both reduce the blood and ECF volumes. Ad

ministration ofglucose-5% should be done cautiously so as to avoid further hypervolaemia.

Co Hypovolaemic hypernatraemia.
This is the most common form of hypernatraemia. The primary task of management

is first to restore an adequate blood volume, as well as increase sodium excretion.
Hypovolaemia may be corrected with plasma, dextrans, or a gelatine solution, etc. Hnone
of these are available, administer 0.9% sodium chloride solution. Once the haemodynamic
situation has been restored to normal, an infusion ofwater, or ahypotonic salt solution may
be commenced, although this may not be necessary as restoration of normovolaemia with
any of the above solutions tends to correct the hypernatraemia simply by a process of dilu
tion. Administration of other electrolytes may also be required.

5. Monitoring.
The degree ofvascular filling should be monitored, e.g. with central venous pressure

monitoring. Plasma sodium, potassium and calcium should be regularly measured.

ANAESTHETIC MANAGEMENT
No specific anaesthetic management is required.
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Chapter 12.3

HYPOKALAEMIA

The normal plasma concentration of potassium is between 35-5 mmoVl. Hypo
kalaemia is defined as a plasma potassium concentration of less than 3.5 mmoJll.

CAUSES OF HYPOKALAEMIA
Hypokalaemia is one ofthe most commonelectrolytedisorders encounteredinanaes

thetic practice, and for this reason some discussion of the possible causes ofhypokalaemia
relevant to anaesthetic practice is warranted.

1. Polyuria.
Normal urine has an average potassium concentrationofabout 35-80 mmoVl [1]. The

average adult excretes between 500-2000 mls of urine per 24 hours in temperate
climates. Normally the potassium lost in the urine is replaced by dietary potassium. But
during surgery, or when diet is restricted, dietary potassium replacement is impossible. In
such situations even normal potassium losses may eventually cause hypokalaemia, and
polyuria can certainly induce hypokalaemia under these circumstances.

Table 12.3.1.
Potassium concentrations of various
gastrointestinal secretions/fluids in mmoVl
[1,2].

Saliva
Gastric
Pancreas
Bile
Ileostomy
Faeces

14-41
6.4-16.6

6-9
8.4-17.5
6.8-11.8
45-135
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2. Use of diuretic drugs.
Many elderly patients coming for surgery regularly ingest diuretic drugs for manage

ment of hypertension, peripheral oedema, or heart failure. Use of these drugs commonly
causes hypokalaemia.

3. Gastrointestinal losses.
Most gastrointestinal secretions have a higher potassium concentration than plasma

[table 12.3.1]. Excessive nasogastric suction, vomiting, diarrhoea, and excessive faecal los
ses of mucus from large bowel carcinomas can all cause hypokalaemia.

4. Hypocapnia and alkalosis.
Acute hypocapnia causes alkalaemia. The plasma potassium concentration decreases

0.375 mmoVi per 1 kPa decrease of the PaC02. (0.5 mmoVi per 10 mmHg decrease of
PaCOz) [3].

Acute metabolic alkalaemia causes the plasma potassium concentration to decrease
by 0.5-1.3 mmoVi per 0.1 unit increase ofpH above 7.4 [3,4]

5. Acute disease, surgery and trauma.
Transient hypokalaemia occurs in patients who are admitted to hospital because of

acute illness [5], after major trauma [6], and occurs intra- and postoperatively in patients
undergoing surgery.

The cause is thought to be the elevation of plasma catecholamine concentrations due
to acute disease and trauma. Canine studies have shown that intravenous bolus injection
and infusion of adrenaline to achieve plasma adrenaline concentrations within the ranges
occurring in physiological stress, initially causes a transient elevation of the plasma potas
sium concentration, after which the potassium concentration falls below the baseline level
[10]. The potassium causing the initial increase of the plasma potassium concentration
originates mainly from the liver [10].

Similaranimal [7] and human [8] investigations have shownthatcatecholaminescause
extracellular potassium to move into muscle cells due to a cell membrane 82-adrenore
ceptor mediated stimulation of membrane ion pumps [8]. This effect may be blocked by
drugs with 82-adrenoreceptor blocking activity such as propranolol [8,9].

PROBLEMS
The effects ofhypokalaemia are principally due to the effects ofhypokalaemia on cell

membrane electrical potentials. Cell membrane potential is maintained principally by the
potassium concentration difference between the intracellular and the extracellular
fluid. Normally the intracellularpotassiumconcentration isabout 135-150mmoViwhile the
extracellular concentration is about 35-5 mmoVi. Rest membrane potential is able to be
approximately calculated by equation 1below, the Goldman-Hodgkin-Katz equation.

R x T [K+]e X PK/PNa + [Na+]e (
Em =--x In ..... 1)

F [K+]I X PKlPNa + [Na+]1
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Em = resting membrane potential in millivolts.
R = the universal gas constant =8.31434 JoulesfKelvin/mole.
T = temperature in degrees Kelvin.
F = one Faraday =96487 Coulombs/mole.
[K+l = potassium concentration either intracellular or extracellular.
[Ha ] = sodium concentration either intracellular or extracellular.
PKlPNa=Ratio of membrane potassium ion to sodium ion permeabilities. This is about
100/1 for the resting membrane, and about 1/12 for the fully depolarized membrane.

Using the equation above and the electrolyte concentrations in table 14.12, the cal
culatedresting membranepotential inhumans is about -86mV, while cellmembranepoten
tial in the depolarized conditionis about +46 mV. This correspondswellwith the measured
human muscle cell resting membrane potential [see below]. If [Na+]i and [Na+]c are con
stant, the resting membrane potential is dependent only on the potassium concentrations.

Investigations ofhypokalaemic patients with plasma potassium concentrations as low
as 2.6 mmol/l has shown that skeletal muscle cell rest membrane potential is more negative
during hypokalaemia [11]. Myocardial cell membrane rest potential also becomes more
negative during hypokalaemia [12], as does the rest membrane potential of nerve cells.

Hypokalaemia increases the rate of electrical depolarization of cell membranes, but
slows the rate of repolarization, and so the duration of the action potential [12]. This latter
effect reduces the frequency with which an active cell membrane can depolarize and
repolarize per unit time.

1. Skeletal muscle weakness.
Chronic hypokalaemia is associatedwith depression ofdeep tendon reflexes when the

plasma potassium concentration is less than 3.0 mmol/l, although the degree of hypokal
aemia has no relationship to the presence ofmuscle weakness [14]. This is not the case with
acute hypokalaemia [see table 12.3.2], the muscular effects ofwhich are more pronounced.
If the plasma potassium concentration is rapidly (minutes to some days) lowered below 2.5
mmol/l in normal persons, clinical muscle weakness develops, principally of the arm, leg
and neck muscles [15,16,17,18,19]. Lower plasma concentrations of potassium may be as
sociated with respiratory failure [15,16].

It should always be noted that muscle weakness is not an invariable accompaniment
ofhypokalaemia. Muscle weakness appears to be related to the relative difference between
intracellular and extracellular potassium concentrations, rather than the plasma or intersti
tial potassium concentration as such. In cases of acute hypokalaemia, (occurring within
minutes to hours), where the intracellularpotassium concentrationhasnot changedsignific
antly, the difference betweenintra- and extracellularpotassium concentrations is increased,
and the plasma potassium concentration correlates well with the manifestations. But this is
not so in patients in whom potassium deficiency has developed more slowly, (Le. days or
months), as the intra- and extracellular potassium concentration difference may be normal
in these persons.

The mechanism of the muscle weakness is not clear. Human skeletal muscle cell rest
ing membrane potentials are decreased by bypokalaemia ([K+] = 2.6 mmol/l), to -101.7
mVas opposed to the normal resting membrane potential of -87.2 mV [11]. Extracellular
hypokalaemia is also associated with an increase of the stimulation threshold ofmuscle cell
membranes.
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2. Rhabdomyolysls.
Potassium is released into the extracellular fluid by skeletal muscle cells during

contraction. The amount of potassium released in chronically hypokalaemic persons is
reduced in comparison to what is released by normokalaemic persons. Release of potas
sium from contracting muscle cells plays an important role in inducing muscle hyperaemia
during and after exercise. Because the amount of potassium released by chronically
hypokalaemic persons is reduced, the degree of exercise hyperaemia, (or vasodilation), is
less than normal [11]. This may induce muscle ischaemiawith rhabdomyolysis if the degree
ofhyperaemia or vasodilation is not great enough to elevate the muscle oxygen supply suf
ficiently during exercise.This ispresumed to be the mechanismofthe rhabdomyolysiswhich
occurs in hypokalaemic dogs [11] and humans [18].

3. Paralytic ileus.
Severe hypokalaemiamay cause aparalytic ileus,which resolves rapidly upon replace

ment of the potassium deficit [14].

4. Alkalaemla.
An intracellular potassium deficit causes extracellular potassium and hydrogen ions

to move intracellularly, so reducing the extracellular potassium and hydrogen ion con
centrations. The result of this is hypokalaemia and an extracellular alkalosis in combina
tion with an intracellular acidosis [30]. The effects of alkalosis are discussed further in part
13.

5. Depressed cardiovascular responses.
Acute hypokalaemia increases renovascular, limb and skeletal muscle vascular resis

tances, and elevates myocardial contractility, all of which elevates the arterial blood pres
sure [32].

Chronic hypokalaemia has a different effect on cardiovascular physiology, being as
sociated with a reduction of the arterial blood pressure and sodium retention in humans
[31]. In-vitro studies show that myocardial contractility is depressed by chronic
hypokalaemia [32]. However in-vivo investigations have yielded conflicting results as to the
haemodynamic consequences of chronic hypokalaemia [22,32]. These conflicting results
may be explained in one study [22], by the significantly elevated plasma volume measured
in the experimental animals which was caused by sodium retention, while in another study
the blood volume did not significantly change [32]. It is most probable that chronic
hypokalaemia causes a reduction of cardiac output and arterial blood pressure in associa
tion with an elevation of the systemic vascular resistance.

In addition to the haemodynamic effects above, the pressor response to various
vasopressor substances such as angiotensin-D and noradrenaline are reduced in chronical
ly hypokalaemic animals [22,23] as well as humans [21].

Significant effects on cardiovascular physiology, and responses to pressor substances
occur when the plasma potassium is reduced below 2.3 mmoVl [see table 12.3.2]. The effect
of these changes on cardiovascular function and response, is to reduce the cardiovascular
response to surgical stimuli, and the reflex responses to hypovolaemia. Severely
hypokalaemic patients are more likely to become hypotensive in response to agiven degree
of hypovolaemia than is a normokalaemic patient.
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Table 12.3.2.
Clinical effects of hypo- and hyperkalaemia related to the plasmapotassium concentration.
These effects are more pronounced in acute rather than chronic changes ofpotassium con
centration.

PLASMA [K+)
(mmol/l)

CLINICAL MANIFESTATIONS

<2.0 - Weakness of respiratory, as well as arm and leg muscles [15,16].

< 2.5 - Weakness of arm and leg muscles [15,16,17,18,19].
- Increased chance of spontaneous ventricular tachyarrhythmias [20].
- Decreased myocardial contractility + vasoconstriction

+ reduced responsiveness to vasopressor substances
[21,22,23,32].

<3.2 - All patients taking digitalis glycosides have cardiac arrhythmias [13].

3.5-5.0 - NORMAL PLASMA K+ CONCENTRATION

6.0 - Lowest myocardial ventricular stimulation threshold [13].
Increased chance of cardiac arrhythmias [13].

>7.2 - Weakness of arm and leg muscles [24,25,26].

> 8.0 - Paraesthesias of hands and feet [27].
- Ventricular flutter, fibrillation or asystole may occur [28].
- Depression of myocardial contractility, cardiac output, vasodilation

and lowered blood pressure [29].

>9.5 - Weakness of respiratory as well as arm and leg muscles [25,26].

> 10.0 - Usually lethal due to respiratory failure, malignant ventricular
arrhythmias, or both [13,25,26].

6. Cardiac arrhythmias.
Hypokalaemia is commonly thought to cause cardiacarrhythmias, But this has recent

ly been the subject of much discussion as no investigators have consistently found a direct
association between hypokalaemia and cardiac arrhythmias except under certain defined
conditions [20,33]. It is also thought that the development of cardiac arrhythmias due to
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hypokalaemia is more likely under conditions of rapid plasma potassium change, than in
patients whose plasma potassium while low, does not change at all, or only slowly [13].

Hypokalaemia is associated with well defined changes in the ECG complexes. It
should be noted when looking at table 12.3.3 that these changes do not invariably occur at
these levels ofpotassium concentration, but are simply more likely.

Cardiac arrhythmias definitely due to hypokalaemia.
Cardiac arrhythmias unequivocally caused by hypokalaemia occur only under some

circumstances.

a All patients taking digitalis glycosides are observed to have cardiac arrhythmias when
their plasma potassium concentration is less than 3.2 mmolll [13]. For this reason most
cardiologists strive to maintain a plasma potassium concentration above 4.0 mmolll in
digitalized patients.

b. Patients who have undergone a recent myocardial infarction are more likely to develop
ventricular fibrillation and other arrhythmias if they are hypokalaemic [20,33].
Hypokalaemia in this group ofpatients may also be related to the stress experienced by
these patients, the greater the stress, the greater the degree ofhypokalaemia [see causes
above].

c. Even persons with no pre-existing heart disease have an increased chance of developing
ventricular tachyarrhythmias when the plasma potassium concentration is less than 2.5
mmolll [20].

Arrhythmias not associated with hypokalaemia.
Chronic mild hypokalaemia, [K+] = 2.6-3.5 mmolll, is not associated with an in

creased chance of developing cardiac arrhythmias, either preoperatively or perioperative
Iy [34]. In fact perioperative arrhythmias appear only to be related to the presence of
preoperative arrhythmias [34].

7. Potentiation of neuromuscular blocking drugs.
The in-vitro potency ofnondepolarizing neuromuscular junctionblocking drugs is in

versely proportional to the degree ofhypokalaemia [35]. That is the lower the extracellular
potassium concentration, the more sensitive the neuromuscular junction is to blockade of
transmission by nondepolarizing neuromuscular blocking agents such as pancuronium or
tubocurarine. In-vivo animal investigations have not consistently confirmed this relation
ship for chronic potassium depletion [36,37]. However clinical experience of most anaes
thetists is that hypokalaemia does potentiate nondepolarizing muscle relaxants.

Nondepolarizing muscle relaxants should accordingly be administered at lower than
usual dosages in patients with known hypokalaemia, and repeat doses only on clinical in
dication.

INDICATIONS FOR THERAPY OF HYPOKALAEMIA
Correction of a potassium deficiency should only be done on indication. The amount

ofpotassium required to replace any deficit is very dependent onwhether the hypokalaemia
is acute or chronic.
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Table 12.3.3.
Electrocardiographic alterations and occurrence ofcardiac arrhythmias related to the plas
ma potassium concentration [13,20,28].

Plasma [K+]
(mmol/l)

ECG manifestations

<2.5 - Inversion ofT-wave
- Lowering of ST segment
- Increased chance of developing ventricular tachyarrhythmias.

<3.0 - Flattening of T-waves
- High U-wave

< 3.2 - All patients taking digitalis glycosides have cardiac arrhythmias

3.5-5.0 • NORMAL

>5.5 - Peaking ofT-wave

>6.0 - Lowest ventricular stimulation threshold

>6.5 - Widening of QRS complex

>7.0 - Decreased P-wave amplitude

>8.0 - Increased chance of spontaneous ventricular arrhythmias

>9.0 - Atrioventricular and intraventricular block occurs
- P-wave disappears

> 12·14 - Ventricular fibrillation or asystole very likely

Indications for therapy.
Replacement ofanypotassium deficit is indicated for any patient satisfying any ofthe

criteria below, regardless ofwhether the hypokalaemia is acute or chronic.

1. Any patient whose plasma potassium concentration is less than or equal to 2.5 mmoVl.

2. Any patient about to undergo major surgery, especially cardiopulmonary surgery, whose
plasma potassium concentration is lower than normal. Significant disorders of cardiac
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rhythm may be induced by the surgical procedure, the major fluid and electrolyte shifts oc
curring in the perioperative period, or any cardio- or vasoactive drugs that may be required.
Hypokalaemia in these patients will make any management of any arrhythmias in the
perioperative period more difficult.

3. Any patient known to have arrhythmias preoperatively, patients with known cardiac dis
ease, and all patients taking digitalis glycosides. A perioperative plasma potassium
concentration between 4-5 mmoVi is desirable in these patients.

4. Replacement of potassium deficit is desirable in all patients with acute hypokalaemia,
even if this is only a mild hypokalaemia ([K+1=2.6-3.5 mmoVI), as acute hypokalaemia is
thought to be more likely to cause cardiac arrhythmias.

5. Replacement of a potassium deficit is also desirable for all patients who have obvious
clinical evidence of hypokalaemia.

No Indication for potassium replacement therapy.
Replacement of any potassium deficit is not indicated for patients with chronic mild

hypokalaemia ([K+1= 2.6.3.5 mmoVI), who do not have known heart disease, preopera
tive cardiac arrhythmias, or use digitalis gIycosides, or for those patients with no clinical
manifestations of hypokalaemia.

MANAGEMENT OF ACUTE HYPOKALAEMIA
Definition of acute hypokalaemla.

Acute hypokalaemia may be defined as hypokalaemia that occurs over a period of
minutes to hours. No significant losses of intracellular potassium can occurwithin this time
period, and so the potassium deficiency is confined to the extracellular fluid. The quantity
ofpotassium that is lost is small as the amount of potassium contained in the extracellular
fluid volume (ECFV) is not large.

The volume of potassium in the ECFV may be readily calculated. The ECFV is 0.2
Vkg body weight. Take a 70 kg adult. In this person the ECFV is 0.2 x70 = 14 I. Assume a
plasma potassium concentration of 4 mmoVi. This means that the total quantity of potas
sium in the ECFV is 4x 14 = 56 mmoI. This is equivalent to the quantity ofpotassium con
tained in 4.2 grams of potassium chloride (KG).

Calculation of potassium dosage (acute potassium deficiency).
Calculation ofthe amount ofpotassiumrequired to replace an acute potassium deficit

may be performed assuming an extracellular fluid volume of 20% of the body weight. The
amount ofpotassium required for replacement of the extracellular fluid potassium deficit
is then given by equation 2 below.

WEIGHT + +
Kdef =Kdose = x ([K ]d· [K ]m) •••••••••(2)

5

l<cIef = potassium deficiency in mmois.
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Ketose = total amount of potassium required to replenish the whole body extracellular
potassium deficit in mmols.
WEIGHT = weight ofpatients in kg.
[K+]d = desired plasma potassium concentration in mmoVl.
[K+]m = measured plasma potassium concentration in mmoVl.

Rate 81 type of potassium replacement.
Potassium replacement for acute hypokalaemia is best done using an intravenous in

fusion of potassium.
Because the deficiency is acute and extracellular, the intracellular potassium con

centration and content is normal, and so the total potassium deficiencycannot be more than
1-2.5 gms in an adult if the plasma potassium concentration is more than 2 mmoVl. It has
been found experimentally that infusion ofpotassium at a rate of up to 25 mmol/hour in
normokalaemic adults does not cause hyperkalaemia [43]. Accordingly, the maximum in
travenous potassium infusion rate that is consistent with safety is about 1-2 gms KCl/hour
(=13.4-25 mmol/hour).

MANAGEMENT OF CHRONIC HYPOKALAEMIA
Definition of chronic hypokalaemla.

Chronic hypokalaemia may be defined as hypokalaemia that has occurred over a
period of days, or longer. The body contains a large quantity ofpotassium in the cells, and
as the concentrations ofpotassium in the urine, or other sources of chronic potassium loss
is not great, it takes some days for a significant amount of potassium to be lost from the
body. Extracellular potassium losses are replaced by intracellular potassium, so that even
when a near normal extracellular potassium concentration is measured, this does not al
ways mean that there is not a significant degree of intracellular potassium deficiency.

CalCUlation of potassium dosage (chronic potassium deficiency).
Studies performed on normal human adults permitted normal water, protein and

caloric intake who were subjected to experimental potassium depletion, have revealed a
relationship between the plasma potassium concentration and the total body potassium
deficit in chronic hypokalaemia in adults [38]. This relationship is expressed in equation 3
below, which may also be used to calculate the amount of potassium required to replace
the potassium deficit in chronically hypokalaemic adults.

Ketef = whole body potassium deficiency in an average 70 kg adult in mmol.
Ketose = amount of potassium required to replace whole body potassium deficit in an
average 70 kg adult in mmoI.
[K+]d =desired plasma potassium concentration in mmoVl.
[K+] m = measured plasma potassium concentration in mmoVl.

It is apparent that a considerable quantity of potassium is required to replace the
potassium deficiency due to chronic hypokalaemia. It takes about 370 mmol potassium to
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increase the plasma potassium concentration by even 1 mmol/l in a chronically
hypokalaemic person. Thus a chronically hypokalaemic patient whose plasma potassium is
2.5 mmol/l will need 555 mmol of potassium = 44.4 gm KCI, if the desired plasma potas
sium concentration is about 4 mmol/l.

Rate & type of potassium replacement.
Potassium replacement in patients with chronic hypokalaemia may be done either

with intravenously or orally administered potassium solutions.
The rate at which potassium may be administered intravenously to patients with

chronic potassium deficiency depends on the degree of potassium deficiency.

1. Oral potassium solutions for replacement ofchronic potassium deficiency.
The use ofpotassium chloride tablets should be avoided as a means of oral potassium

replacement. Gastrointestinalulceration, perforation andstrictures have all been described
as a consequence of the ingestion of potassium tablets [39,40]. The cause of these lesions is
the local high concentrations of potassium in the gastrointestinal tract which occurs as the
tablets break down. Such gastrointestinal lesions have never been described after ingestion
ofpotassium chloride solutions [41], probablybecause the potassium chloride is more even
ly dispersed through the ~astrointestinal tract after ingestion.

The peak plasma K concentration after oral administration ofa KCI solution occurs
by two hours after ingestion. An oral dose of 12.5 gm of an aqueous solution of KCI (con
taining 167.5 mmol K+), elevates the plasma potassium concentration 1.9 mmoVl above
the resting value [27]. From this it is apparent that potassium deficiency may be rapidly and
safely corrected within a day or two using oral administration of an aqueous KCI solution.
It is not advisable to administer more than 5 gm of KCI at anyone dose in case excessive
hyperkalaemia occurs. In addition, it is not advisable to administer oral doses more fre
quently than at 4-6 hour intervals for the same reason [see table 12.3.4].

Table 12.3.4.
Considerations in oral potassium replacement

DOSAGE INTERVAL =4-6 hours

1 gram KCL contains 13.4 mmol K+
2 gram KCL contains 36.8 mmol K+
5 gram KCI contains 67.0 mmol K+
10 gram KCI contains 134 mmol K+

MAXIMUM AMOUNT KCI per dose = 5 gm
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2. Intravenous potassium replacement for chronic potassium deficiency.
Iforal potassium replacement is impossible or impracticable, then intravenous potas

sium replacement is required. The amount ofpotassium contained in an ampule ofpotas
sium chloride is usually given in grams. The conversion factor is given below.

1 gram Kel contains 13.4 mmol K+

Intravenous potassium is always administered as an infusion, never as a bolus injec
tion, as lethal intracardiacpotassiumconcentrations may occur.Infusion ofpotassium is the
same as an intravenous infusion ofany drug, the principles ofdosage calculation being the
same. Potassium ion is distributed between two compartments in the body, the extracel
lular fluid and intracellular fluid. The rate of transfer ofK+ from the extracellular fluid to
the intracellular fluid compartment is associated with a kinetic rate constant and a half life,
which is dependent on the relative K+ concentrations between the two compartments, and
is approximated by regression equation 4 [42J.

T1/2t =3 + 4.6 x [K+] •••.••.•(4)

(r = 0.41, Standard Error of Estimate =4.81)
T1/21 = half life for transfer of potassium from the extracellular to the intracellular fluid
space in minutes.
[K+] = plasma potassium concentration in mmol/l.

It is true that with an r = 0.41 that T1/2t is only weakly correlated with [K+], but it
does show a trend, and as can be seen from the standard error of the estimate, the half life
that is calculated is accuate to +/- 4.81 minutes in about 68% of patients. In addition to
this, a survey of the literature of case reports ofpotassium replacement rates which may be
employed for replacement of chronic severe potassium deficiency reveals that this half life
is approximately correct [16,18,19]. Equation 4 may be multiplied by 4 and divided into
equation 2 to derive equation 5. This is used to calculate the maximum safe potassium in
fusion rate for a given degree of hypokalaemia. The assumptions made for practical pur
poses are that the potassium infused into the extracellular fluid space is fully transferred
into the intracellular space by four transfer half lives. Also that the maximum tolerable and
safe plasma potassium concentration during infusion is a conservative 4.3 mmol/l. Table
12.3.5 is based on equations 5 and 3.

3 xWEIGHT x (4.3· [K+]p)
Qmax = (5)

3 + 4.6 x [K+]p

Qmax = maximum safe potassium infusion rate in mmoVhr
WEIGHT = body weight in kg.
[K+]p = pretreatment plasma potassium concentration in mmol/l.
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Table 12.3.5.
Initial infusion rates for potassium replacement in persons with CHRONIC
POTASSIUM DEFICIENCY using an intravenous potassium chloride in
fusion. These are calculated using equation 5, assuming a body weight of 70
kg, and a desirable plasma potassium concentration of 4.0 mmol/l. (The in
fusion rate should be reduced by 1gmlhour every 3 hours to allow for an in
creasing transfer half life due to potassium replacement).

Plasma [K+]
(mmol/l)

T1/2t
(mlns)

K+ Deficit INITIAL INFUSION RATE
(mmol) (mmol/hr) (gm/hr)

1.5 9.9 925 60 4.43*
2.0 12.2 740 40 2.95
2.5 14.5 555 26 1.94
3.0 16.8 370 16 1.21
3.5 19.1 185 9 0.65
4.0 21.4 Normal plasma potassium

• = Maximum potassium infusion rate able to be considered safe on the basis
of the accuracy of the calculations and case reports [16,18,19].

The intravenous infusion rates calculatedusing equation4are somewhat conseIVative
due to the choice offour times the transfer half life, and of a lower normal level of accept
able maximum plasma potassium concentration of 4.3 mmol/l. This is done with a view to
safety. The maximum potassium infusion rates are in good agreement with those reported
to be possible in chronically potassium depleted persons without causing hyperkalaemia in
various clinical case reports [16,18,19].

Intravenous potassium replacement therapy should be done using KO as the source
of potassium, mixed with an infusion fluid such as 0.9% Nan It should not be mixed with
glucose solutions, as the insulin production induced by hyperglycaemia causes hypokal
aernia which may actually excaerbate the existing hypokalaemia.1fKO is infused at a rate
greater than 2 grams per hour, then it should be administered into a central, rather than a
peripheral vein because of the pain and thrombophlebitis caused by highly concentrated
KCI solutions. Administration of KCI at a rate greater than 2 gms/hour in an adult should
never be done without simultaneous ECG monitoring for cardiac signs of hyperkalaemia,
and regular measurement of the plasma potassium concentration.

MANAGEMENT OF ACUTE-QN-cHRONIC HYPOKALAEMIA
Occasionally the problem arises that a patient with an existing chronic hypokalaemia

becomes acutely even more hypokalaemic, e.g. due to anaesthesia, trauma, drugs, massive
diuresis etc. How should this be managed? The degree of the chronic deficiency is uncer
tain, and there is also an acute defcicency to add to the uncertainty. In such a situation the
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safest and simplest course of action is to treat the hypokalaemia as an acute hypokalaemia,
and replace any measured deficit accordingly.

ANAESTHETIC MANAGEMENT
Preoperative.

Hypokalaemic patients for whom there is an indication for potassium replacement
should not be permitted to undergo elective anaesthesia and surgery. If these patients re
quire emergency surgery, replace the estimated potassium deficit perioperatively. Other
wise the preoperative management of these patients is the same as for normokalaemic
patients about to undergo the same operation.

Anaesthesia.
1. Regularly measure the plasma potassium concentration during the perioperative period,
in addition to looking for development ofany further BCG signs ofhypokalaemia.

2. Do not hyperventilate hypokalaemic patients undergoinggeneral anaesthesiawith a con
trolled ventilation technique, nor administer large volumes ofglucose (dextrose), solutions.
Hyperventilation causes hypocapnia, and glucose infusions increase the plasma insulin con
centration, and both cause the plasma potassium concentration to decrease even further.

3. Severely hypokalaemic patients may have deficient baroreflexes, in addition to reacting
inadequately to vasoactive and cardioactive drugs. Careful attention to fluid replacement
is required to prevent any hypovolaemia. Avoid excessively high ventilation pressures as
this may also cause hypotension in the presence of deficient baroreflexes, [see chapter 8.6
for a detailed discussion of baroreflexes and anaesthesia].

4. Severe hypokalaemia may cause such a degree of skeletal muscle weakness that
respiratory failure may be precipitated or exacerbated by anaesthetic drugs or surgery.
Patients with existing muscle weakness require a anaesthetic technique with controlled
respiration to prevent hypoxaemia due to weakness of respiratory muscles.

5. Any general or regional anaesthetic technique and drugs may be used for hypokalaemic
patients. However care must be used when nondepolarizing neuromuscular blocking drugs
are administered. The action of these drugs is potentiated by hypokalaemia. In addition to
which, because of this potentiation, the effects are more difficult to reverse with neostig
mine [36]. It is better to use neuromuscular blocking drugs with ashort eliminationhalflife.
If the patient is very sensitive to its effects, it will at least be eliminated rapidly from the
body. Repeat dosages of these drugs should only be administered according to clinical re
quirement, (e.g. movements, spasm ofabdominal muscles etc), or using a peripheral nerve
stimulator to determine the appropriate time for a repeat dose.

6. Avoid the use of glucose solutions, as the hyperlnsulinaemia due to these may exacer
bate the existing hyperglycaemia in non-diabetic patients. Replace potassium deficiencies
with KCL dissolved in 0.9% NaCI as a carrier solution.
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Postoperative.
1. Cardiac arrhythmias may occur in hypokalaemic patients due to the combination ofpos
toperative elevation ofplasma catecholamines, increased sympathetic nervous activity, and
possible hypercarbia or hypoxaemia.

2. Muscle weakness may be so extreme that respiratoryfailure occurs. Suchpatients will re
quire mechanical ventilation postoperatively until hypokalaemia has been corrected. This
also applies to those patients who have been administered nondepolarizing neuromuscular
blocking drugs, who may be resistant to effective reversal of these drugs and so be partial
ly curarized. These patients will also require mechanical ventilation until the neuromuscu
lar blocking drug has been eliminated, the potassium deficiency corrected, or both.
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HYPERKALAEMIA

CAUSES
Some of the causes of hyperkalaemia of relevance to anaesthetic practice are listed

below. There are of course many more possible causes, but the reader is referred to an ex
cellent review by DeFronzo et al [1] for a more detailed discussion of these.

1. Excessive potassium Intake.
a. Hyperkalaemia may be iatrogenic due to administration ofexcessive quantities ofpotas

sium salts for therapy of hypokalaemia.
b. Some drugs are potassium salts, and may cause hyperkalaemia inpatients with renal dys"

function.

2. Excessive potassium release from cells.
a. Massive tissue damage.

Large quantities of potassium may be released from necrotic or damaged cells such
as may occur after massive haemolysis, haemolysis secondary to massive transfusion ofold
blood, massive muscle trauma etc.

b. Exercise, tissue damage and drugs.
Massive tissue damage can certainly cause hyperkalaemia. Physical exercise can also

elevate the plasma potassium concentrationsignificantly in normal persons, increases ofup
to 1.5 mmol/1 having been recorded [2]. As the entry ofpotassium into cells is regulated by
a B2-adrenergic receptor regulated membrane pump [see chapter 12.3], concurrent admin
istration of a B2-adrenergic blocking drug exacerbates the elevation of plasma potassium
caused by exercise and trauma.

c. Hypercapnia and acidosis.
Elevation of the PaC02 above normal causes potassium to move from the cells into

the extracellular fluid. The elevation of the plasma potassium concentration is in direct
proportion to the degree of hypercapnia, increasing 0.39 mmol/1 per 1 kPa increase of the
PaC02. (0.52 mmol/1 per 10 mmHg increase of PaC(2) [3].

The same possibly applies to metabolic acidosis, the plasma potassium concentration
increasing in direct proportion to the decrease of the blood pH. However this relationship
is not invariably observed in clinical practice, some patients with severe metabolic acidosis,
e.g. postietallactic acidosis, may even be hypokalaemic [4].
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d. Suxamethonium.
Suxamethonium administration increases the plasma potassium concentration by up

to 0.7 mmoVI in normal patients [5].
Administration of suxamethonium to patients within hours of severe muscle trauma

has been reported to cause significant hyperkalaemia (up to 6.2 mmoVI) [6].
Pronounced hyperkalaemia occurs within minutes after administration of suxameth

onium to patients 5-15 days after sustaining hemiplegia, hemiparesis, paraplegia, teraplegia,
or severe burns. Increased hypersensitivity to the hyperkalaemic effects ofsuxamethonium
persists for 2-3 months in burned patients, and up to 3-6 months in patients who have sus
tained a significant upper motor neurone lesion [7]. The elevation of plasma potassium
under these circumstances may be truly massive, a plasma potassium concentration of 13.5
mmol/1 being reported in a paraplegic patient four minutes after administration of only 20
mg of suxamethonium [8]. Similar increases of the plasma potassium concentration have
been reported as a result ofsuxamethonium administration in severely burned patients [8].
It should be noted that not every patient whose plasma potassium suddenly increases above
7 mmol/1 as a result of suxamethonium administration develops malignant cardiac arrhy
thmias [8].

PROBLEMS
As with hypokalaemia, the problems of hyperkalaemia are due to alteration of the

membrane potential. This causes changes in voltage regulated ion channel permeability of
the K+, Na +, and Ca + + channels. The result of this is that the stimulation thresholds of
cell membranes, the ability to conduct a membrane potential, and Ca+ + regulated
secretory and contractile processes are changed. These changes are more pronounced in
acute hyperkalaemia as the membrane potential differs more from normal than during
chronic hyperkalaemia, inwhich the transmembrane K+ gradient may be near normal. The
resting cell membrane potential is principally due to the transmembrane K+ ion gradient,
[see the Goldman-Hodgkin-Katz equation in chapter 12.3].

The clinical problems due to hyperkalaemia which are relevant to anaesthetic prac
tice are shown in tables 12.3.1 and 12.3.2 and are discussed in more detail below.

1. Cardiovascular depression.
a. Effect on cardiac rhythm and the electrocardiogram (EeG).

Acute hyperkalaemia decreases myocardial cell membrane potential by increasing
the cell membrane potassium conductance during both rest and depolarization relative to
the sodium conductance. The effect of this is to decrease the magnitude of the resting
membrane potential, decrease the rate of membrane depolarization, as well as the mag
nitude of the membrane potential during depolarization, in addition to reducing the action
potential duration [9,12]. A reduction of the rate of depolarization slows atrioventricular
conduction, inceasing the duration of the QRS complex during hyperkalaemia [12].

Aplasmapotassiumconcentrationof6mmol/1 is associatedwith aminimumthreshold
for ventricular excitability [10]. The BeG and alterations of cardiac rhythm are a direct
result ofall these changes and are related to the plasma potassium concentration [see table
12.3.2]. It should always be noted that these effects are not invariable at these concentrat
ions, but are only observed with increasing frequency at or above these concentrations. In
addition these changes are more pronounced during acute rather than chronic hyper
kalaemia [10,11].
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The most commonly occurring arrhythmias during hyperkalaemia are ventricular,
ranging from third degree heart block to a wide variety of ventricular arrhythmias, e.g.
ventricular extrasystoles, ventricular fibrillation, flutter, asystole [10,12,13]. The level of hy
perkalaemia above which malignant ventricular arrhythmias frequently, but not invariably,
occur in man is about 10 mmolll [8,10,13].

b. Effect on systemic haemodynamics.
Acute hyperkalaemia causes a significant reduction of myocardial contractility

[11,15], reduces the cardiac output, may elevate the systemic vascular resistance [11,14,15J,
and if the rate of plasma potassium increase is rapid enough, arterial hypotension may also
occur [11J. These effects are thought to be mainly caused by myocardial depression. If the
systemic vascular resistance does not increase in proportion to the reduction ofcardiac out
put, the arterial blood pressure also decreases. These changes only begin to become sig
nificant during acute hyperkalaemiawhen the plasmapotassium concentration is more than
8 mmolll [11J. The potassium concentration at which myocardial depression occurs during
chronic hyperkalaemia is higher than 8 mmolll.

2. Skeletal muscle weakness.
Acute hyperkalaemia also reduces skeletal muscle resting membrane potential in man

[16J. Experiments in rabbits have shown that the velocity of propagation of depolarization
over the muscle cell membrane is slowed by acute hyperkalaemia [17]. Hyperkalaemia also
causes the electromyographic response to tetanus at 50 Herz to fade more pronouncedly.
This latter is an effect similar to that of the non-depolarizing neuromuscular blocking drugs.
But unlike these drugs, the tetanic fade is exacerbated by neostigmine, instead ofbeing an
tagonized [18]. This is consistent with the known effects of potassium on the mammalian
neuromuscular junction. Hyperkalaemia decreases the magnitude of the postsynaptic rest
ing membrane potential, as well as that of the miniature end plate potentials (mepp's) [19],
and increases the frequency of the mepp's [19,20]. Mepp's are due to the spontaneous
release of vesicles of acetylcholine from the nerve terminal. Further investigations have
also shown that acute hyperkalaemia does not reduce skeletal muscle contractile strength
[21].

In conclusion it appears that acute hyperkalaemia exerts its effects on skeletal muscle,
not by decreasing muscle fiber contractility, but by blocking transmission of nerve impul
ses across the neuromuscular junction by reducing the responsiveness of the motor end
plate, Le. the muscle cell membrane responsiveness to acetylcholine.

Hyperkalaemia in man causes clinical muscle weakness when the plasma potassium
concentration rises acutely above 7.2 mmolll, and respiratory failure above 9.5 mmol/l [see
table 12.3.1 for references]. The mechanism of this is presumably failure ofneuromuscular
junction transmission. It is therefore not surprising that the leg muscles are first affected,
subsequently the arm and shoulder girdle muscles, and last ofall the diaphragm. This is the
same response as occurs in response to increasing doses of the nondepolarizing neuromus
cular blocking drugs [22]. The diaphragm is the last muscle to be blocked as it has the
greatest "margin of safety" for neuromuscular transmission.

3. Interaction with neuromuscular blocking drugs.
Despite the fact that acute hyperkalaemia causes muscle weakness, it also decreases

the sensitivity of the neuromuscular junction to nondepolarizing neuromuscular blocking
drugs, and a greater dosage ofsuch drugs is required to achieve a given degree of blockade
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of the neuromuscular junction [23,24]. This is perhaps related to the fact that more acetyl
choline is likely to be present in the synaptic cleft, a consequence of the increased resting
rate ofrelease ofacetylcholine into the neuromuscularjunction as is shown by the increased
frequency of mepp's measured during acute hyperkalaemia [19,20]. As the clinical sig
nificance of these changes is uncertain, all that can be said is that hyperkalaemic patients
with clinical muscle weakness should only be administered neuromuscular blocking drugs
according to clinical requirements. In addition, no hyperkalaernic patients should be
administered a depolarizing neuromuscular blocking drug such as suxamethonium. This
may cause a lethal level of hyperkalaemia.

The reversal of nondepolarizing neuromuscular blocking drugs with neostigmine is
complicated by the potentiation of the effects ofhyperkalaernia on the neuromuscular junc
tion by neostigmine [18]. Neostigmine can itself cause neuromuscular blockade when ad
ministered in doses of 2.5-5.0 mgj70 kg body weight [25]. Both neostigmine and hyper
kalaernia block the neuromuscular junction by the same mechanism. They cause excessive
quantities of acetylcholine to be present within the neuromuscular junction, presumably
depressing membrane responsiveness to acetylcholine [27]. It is advisable that the initial
dose of neostigmine or other anticholinesterase be smaller than usual, and subsequently
more be administered according to the effect achieved.

MANAGEMENT OF HYPERKALAEMIA
All patients whose plasma potassium concentration is greater than 6 mmol/1 should

be treated for hyperkalaemia. This is the concentration at which cardiac ventricular ex
citability is maximal [see above]. The rapidity with which therapeutic intervention is re
quired is dictated by the rapidity with which hyperkalaemia has developed and the presence
of hyperkalaemic manifestations.

Patients requiring rapid therapy of hyperkalaemla.
The categories of patient requiring urgent therapy of hyperkalaemia are:

• Acute hyperkalaemia with a plasma potassium concentration > 6 mmol/1.
• Acute or chronic hyperkalaemia in patients who are receiving digitalis glycosi

des, especially when the plasma potassium is > 6 mmol/1.
• Chronic hyperkalaemiawhere the plasma potassium concentration is > 7mmol/1.
• Acute or chronic hyperkalaernia at any level which causes clinical or electro

cardiographic manifestations which may be due to hyperkalaernia.

Patients not requiring urgent therapy.
Patients with mild, ([K+] < 6.5 mmol/1), chronic hyperkalaemia may be treated at

leisure, unless they are symptomatic [26].

1. Chronic management of hyperkalaemla.
a. Dietary potassium restriction.

Dietary potassium restriction is of value only in patients with mild chronic hyperkal
aernia.
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b. Ion exchange resins.
Oral administration of potassium absorbing cation exchange resins such as sodium

polystyrene sulfonate may be required to maintain normokalaemia. The usual oral dose of
this resin is about 20 grams ingested 3-4 times a day together with an osmotic laxative to
ensure that the potassium absorbed into the resin is effectively removed from the
gastrointestinal tract.

Table 12.4.1.
Acute therapy 01 hyperkalaemla

THERAPIES THAT DO NOT CHANGE PLASMA [K+]

Sodium Chloride - > 200 mmol Na+ infused as hypertonic NaCI
solution, e.g. 1.8% or 2.7% NaCI solution.
(1 gm NaCI contains 17 mmol Na+)

- Acts within minutes to normalize EGG.
- Repeat as indicated.

Calcium - I.V. injection of 10-30 mls of 10% CaGI2
or of 100A> Ga-gluconate.

- Acts within minutes to normalize EGG.
- Repeat as indicated.

THERAPIES THAT DO DECREASE PLASMA [K+]

Sodium
bicarbonate

Glucose

- 80-120 mmol of NaHG03 as an 8.4% solution
of NaHC03.

- Reduces plasma [K+] within 60 minutes and
effect lasts 4-6 hours.

- 50 gm glucose infused with or without
4-10 IU insulin.

- Reduces plasma [K+] within 60 minutes and
effect lasts several hours.

2. Acute management 01 hyperkalaemia.
a. Calcium.

Extreme acute hyperkalaemia can cause death. Experimental acute hyperkalaemia
induced in hypocalcaemic dogs causes death at a lower plasma potassium concentration
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than in normocalcaemic dogs [28]. Another canine investigation has shown that admin
istration of calcium to normocalcaemic dogs subsequently made hyperkalaemic increases
the plasma potassium concentration at which death occurs [29].

Calcium ions have a number of effects on electrically active cell membranes, includ
ing the cell membranes ofmyocardial muscle cells. Increasing the extracellular calcium ion
concentration causes a concentration related increase ofmembrane stimulation threshold
[30]. This is due to hypercalcaemia causing the resting membrane potassium and sodium
conductances to decrease [31], so elevating the resting membrane potential, and myocar
dial stimulation threshold. Hypercalcaemia also slows the rate ofincrease ofpotassium con
ductance during an action potential [31], which causes a greater degree of membrane
depolarization. The end result of these changes is that injection of calcium into hyper
kalaemic patients reverses the hyperkalaemia induced changes in the ECG without chang
ing the plasma potassium concentration [10,13]. Patients with ECG evidence of
atrioventricular block or malignant arrhythmias due to hyperkalaemia require immediate
treatment. Administration of 1gram of calcium chloride or calcium gluconate will reverse
the ECG changes within minutes. This effect is regrettably only temporary, but will main
tain asafer cardiac rhythm until more enduring forms of treatment begin to take effect. The
dose of calcium salts may be repeated as necessary.

b. Infusion of concentrated sodium solutions.
Elevation of the extracellular sodium ion concentration normalizes the myocardial

cell membrane action potential in the presence of hyperkalaemia [9]. This is presumably
due to an increased extracellular to intracellular sodium ion concentration gradient, which
causes an elevation of the membrane sodium ion conductance relative to potassium
conductance during rest and membrane depolarization. This increases the resting
membrane potential, the rate of depolarization, and speed of action potential conduction.
The result of this is that infusion ofhypertonic sodium chloride solutions into patients with
ECG manifestations of hyperkalaemia normalizes the BeG [10,13].

This is a rapidly effective treatment for hyperkalaemicpatients, especiallysuitable for
those with concurrent hypovolaemia or hyponatraemia. The effect is only temporary and
may need to be repeated. Accordingly this is not suitable for hypervolaemic and nor
movolaemic patients, nor those with heart failure, as hypervolaemia may result from en
thusiastic infusion of large volumes of concentrated saline solutions. It does not alter the
plasma potassium concentration [13], and so is only suitable for maintenance of life until
potentially lethal hyperkalaemia has been treated with other measures.

c. Infusion of sodium bicarbonate.
Intravenous infusion of 80-120 mmol sodium bicarbonate reduces the plasma potas

sium concentration by 1-2 mmol/l within an hour, an effectwhich lasts for 4-6 hours [26,32].
This effect is thought to be due to bicarbonate ion alone, as it also occurs without any sig
nificant pH change being induced [32,33].

d. Glucose and insulin infusions.
Rapid infusion of50 grams ofglucose increases the plasma insulin concentration and

reduces the plasma potassium concentration by 1-2mmol/l withinone hour, an effect which
persists for several hours [26]. Diabetic patients may require insulin, as their insulin
response to sudden hyperglycaemia is deficient. The usual dose of insulin in such cases is
about 4-10 IV of soluble insulin per 50 gms glucose [26].
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MANAGEMENT OF ANAESTHESIA
Preoperative.
1. No patient with significant hyperkalaemia should be permitted to undergo elective
surgery. The cause of the hyperkalaemia should be investigated, and the hyperkalaemia
treated prior to any surgery.

2. Premedication may be administered as deemed necessary by the anaesthetist.

Anaesthesia.
There is no specific form ofanaesthesia that is indicatedfor the hyperkalaemicpatient.

However there are some factors which should always be considered.

1. Never administer suxamethonium to hyperkalaemic patients. Suxamethonium always in
creases the plasma potassium concentration, and in hyperkalaemic patients this increase
may be all that is necessary to cause a malignant arrhythmia

Especial caution is necessary with patients with recent burns and major upper motor
neurone lesions. Suxamethoniumshould neverbeadministered to these patients in the time
period of 5 days to 9 months after the injury, as pronounced hyperkalaemia may occur.

2. Hyperkalaemia is exacerbated by hypercarbia. ITgeneral anaesthesia is required, a tech
nique using controlled ventilation with hyperventilation is advisable. This is especially
necessary in the case ofpatients with hyperkalaemia induced muscle weakness or paralysis.

3. While the effects of the nondepolarizing muscle relaxants in hyperkalaemic patients is
somewhat uncertain, they may be potentiatedby existing muscle weakness. Repeat dosages
ofthese drugs should onlybeadministered on clinical indication, orusing aperipheralnerve
stimulator. It is also advisable to use a short acting non-depolarizing neuromuscular block
ing drug in these patients. H the effect of the drug is potentiated to an extreme degree, at
least the drug will be rapidly eliminated from the body, so terminating its effect.

4. Always have calcium gluconate or calcium chloride available for rapid intravenous injec
tion in case any malignant cardiac arrhythmias occur.

Postoperative.
Patients with hyperkalaemic muscle weakness may require mechanical ventilation

until hyperkalaemia has been treated.
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Chapter 12.5

HYPOCALCAEMIA

The normal plasma calcium concentration is in the range 2.25-2.55 mmoVI (9-10.2
mg/1oo mls). Calcium in the blood exists in three forms, bound to plasma proteins, free
ionized calcium, and a very small fraction of calcium bound to anions such as citrate etc. It
is the free ionized calcium that is physiologically active, being required for such processes
as",

• smooth, striated, and heart muscle contraction,
• generation of heart muscle action potentials,
• release of neurotransmitters,
• regulation of many intracellular processes.

The normal plasma ionized calcium concentration is in the range 1.02-1.26 mmoVI
[1]. Calcium binds to both albumin and globulins in the plasma, about 83% being bound to
the albumin. For the situation of a normal plasma albumin/globulin concentration ratio of
1.89, and a body temperature of 37° Celsius, the "free" almost totally ionized plasma cal
cium concentration varies with both pH and the plasma total protein concentration in the
manner described by equation 1below [2]. This equation assumes a linear relationship be
tween the pH and the plasma ionized calcium concentration, and because of this is only
valid in the pH range of7.Q-9.0 [8].

[Ca + +] = [Ca] - [Prot] x (0.006 x pH - 0.03) ....(1)

For the situation where the pH is unchanging and equals 7.4, equation 1simplifies to;

[Ca + +] =[Ca] - 0.0144 x [Prot] (2)

[Ca + +] = plasma ionized calcium concentration in mmoVI.
[Cal = plasma total calcium concentration in mmolli.
[Prot] = plasma protein concentration in gI}.
N.B. to convert calcium concentration in mmoVI to mg/1oo mls, multiply the concentration
in mmoVl by 4.
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CAUSES OF HYPOCALCAEMIA
There are a large variety of disorders which may cause hypocalcaemia, such as renal

failure, hypoparathyroidism, and pseudohypoparathyroidism [4]. The disorders most
relevant to anaesthetic practice are discussed below.

1. Pancreatitis.
Hypocalcaemia in pancreatitis is due to a combination of factors such as a reduction

of the plasma albumin concentration, decreased plasma parathyroid hormone concentra
tion, and calcium sequestration in necrotic fat. The level of hypocalcaemia is a reflection
of the severity of an episode of pancreatitis, and death is likely when the total plasma cal
cium concentration is less than 1.75 mmoVI, although hypocalcaemia itself is not necessari
ly the cause of death [5].

2. Hypoalbumlnaemla/hypoprotelnaemla.
Areduction ofthe plasmaprotein concentration, especially ofthe albumin concentra

tion, is associated with a reduction ofthe total plasma calcium concentration [1]. This is be
cause the plasma ionized calcium concentration increases, activating physiological and
biochemical process which reduce the total plasma calcium concentration, and restores a
normal plasma ionized calcium concentration.

3. Rapid blood transfusion.
Preserved blood is usually anticoagulated with a sodium citrate solution. Examples of

such solutions are the commonlyused Acid-Citrate-Dextrose (ACD), and the Citrate-Phos
phate-Dextrose (CPO) mixtures used to preserve and anticoagulate blood prior to trans
fusion.

Calcium ion binds to citrate ion, and as a result an intravenous infusion of sodium
citrate reduces the plasma ionized calcium concentration in direct proportion to the plas
ma citrate concentration. It takes approximately 10 minutes for the citrate contained in 500
mls of sodium citrate anticoagulated blood to be metabolized and the plasma ionized cal
cium concentration to return to normal [6]. Because citrate is rapidly metabolized, the in
fusion rate ofblood must be quite rapid in order to produce asignificant degree ofhypocal
caemia. In normothermic human adults, ACD or CPO blood must be infused at a rate
greater than 50 mls/70 kg bodyweight/minute for the plasma ionized calcium concentration
to be reduced to such a degree that significant cardiovasculardepression occurs, i.e. a reduc
tion of systemic vascular resistance, cardiac output, and arterial blood pressure [6,7]. This
corresponds well with the rate of metabolism of the citrate contained in preserved blood
[see above]. Ifthe patient is hypothermic, or the metabolismofcitrate is depressed, hypocal
caemia will occur at a lower infusion rate.

4. Alkalaemla.
Alkalosis reduces the plasma ionized calcium concentration in proportion to the de

gree of alkalosis [10]. The explanation of this relationship between the pH and the plasma
ionized calcium concentration lies in the physical chemical properties of proteins. Most
plasma proteins, including the globulins and albumin are Zwitter-ions. That means they
may either be positively or negatively changed depending on the pH of their chemical en
vironment The pH at which they have no charge is called the isoelectricpoint. For albumin
the isoeleetric point is a pH = 4.9. If the pH of the plasma is greater than 4.9, albumin is
negatively charged, and the negative surface charge per albumin molecule increases with
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increasing pH. An increased negative charge on the albumin molecule means that more
calcium can bind to it, and the plasma ionized calcium concentration decreases.

5. Hypocapnia.
Acute hypocapnia causes respiratory alkalosis with aconcurrent reduction of the plas

ma ionized calcium concentration [10].

PROBLEMS
The clinical manifestations of hypocalcaemia are related to a reduced concentration

of ionized calcium rather than the total calcium concentration. Regrettably the relationship
between the plasma ionized calciumconcentrations and clinical manifestationshas not been
studied as extensively as that of the total plasma calcium concentration. The clinical
manifestations of hypocalcaemia which are relevant to anaesthetic practice are shown in
table 12.5.1.

1. Cardiovascular depression.
Both cardiac output [11,12] and systemic vascular resistance [9] decrease in direct

proportion to any reduction of the plasma ionized calcium concentration. A significant
reduction ofblood pressure and cardiac output occurs in humans when the plasma ionized
calcium concentration falls below 0.66 mmol/l [14,15,16].

2. Alteration of the electrocardiogram (ECG) and rhythm.
The duration of the BeG Q-T and S-T intervals increase with decreasing plasma

ionized calcium concentration [11,12,13]. The polarity of the T-wave may also change, but
this is not a consistent finding [13].

Hypocalcaemia potentiates the arrhythmogenic effects of hyperkalaemia, reducing
the potassium concentration at which conduction deficits occur, and the lethal potassium
concentration [24]. On the other hand, hypocalcaemia significantly diminishes the arrhyth
mogenic effects of hypokalaemia [25].

Hypocalcaemia in the absence of other electrolyte disorders does not cause any
disturbance of the cardiac rhythm [13,25].

3. Tetany.
There is an increased chance of tetany occurring if the plasma total calcium concentra

tion drops below 2 mmol/l in normoproteinaemic patients [13,22]. Tetany will occur at
higher levels of plasma total calcium concentration in hyperproteinaemic or alkalaemic
patients [see equation 1]. The threshold of tetanic manifestations appears to be a plasma
ionized calcium concentration of 0.86 mmol/l [10].

The cause of tetany is a hypocalcaemia induced elevation of resting and active cell
membrane ion conductances ofboth sodium and potassium channels [27]. This can reduce
the stimulation thresholds of both nerve and muscle cells to such a degree that they under
go depolarization, and muscle cells contract at the least small stimulus, or even spon
taneously.

4. Increased sensitivity to nondepolarizing muscle relaxants.
Calcium is required for the release of acetylcholine into the neuromuscular junction,

and hypocalcaemia is associated with a reduction ofacetylcholine release [28]. Because less
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acetylcholine is released, the effect of nondepolarizing neuromuscular junction blocking
drugs may be expected to be potentiated. Indeed this has been found to occur in-vitro in
vestigations [29].

Table 12.5.1.
Clinical manifestations of hyper- and hypocalcaemia related to the total and ionized plas
ma calcium concentration. (N.B. 1mmolll = 4 mg/lOO ml)

TOTAL IONIZED
CALCIUM CALCIUM MANIFESTATIONS
(mmol/I) (mmol/I)

< 0.1 - Cardiac ventricular arrest [9].

< 0.66 - Significant reduction of cardiac output and blood
pressure [14,15,16].

< 2.0 < 0.86 • Chvostek and Trousseau signs as well
as tetany [10,13,22].

<2.25 < 1.02 - Q-T and SoT intervals increase [11,12,13].
- Cardiac output and systemic vascular resistance

decreases [9,11,12].

2.25-2.55 1.02-1.26 NORMAL

>2.55 > 1.26 - Q-T and S-T intervals decrease [11,12,23].
- Cardiac output and systemic vascular resistance

increase [9,11,12,17].

>3.0

>4.25

- Proximal skeletal muscle weakness [18,19,20,22].
- Polyuria and dehydration [18,19,20,22].

- Neurological manifestations with abnormal motor
control and altered level of consciousness [21,23].

MANAGEMENT OF HYPOCALCAEMIA
Treatment is not required for all hypocalcaemic patients, only in those patients with

clinical manifestations of hypocalcaemia, or a low plasma ionized plasma calcium con
centration. Therapy may be chronic or acute.
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1. Chronic therapy.
The only therapy currently available is to treat the cause of the hypocalcaemia if this

is possible. Otherwise calcium salts and vitamin-D should be administered to those patients
whose hypocalcaemia is due to a cause which is untreatable.

2. Acute therapy.
a. Treatment of the cause ofhypocalcaemia.

This consists of treating various correctable causes of hypocalcaemia.

• Correct any alkalaemia.
• Treat hyperventilation if present.
• Reduce the infusion rate of any blood transfusion.

b. Treatment of the manifestations ofhypocalcaemia.
The manifestations of hypocalcaemia may be effectively treated by intravenous ad

ministration of calcium salts. Any calcium salt may be used, the salts in current clinical use
are calcium chloride, calcium gluconate, and calcium gluceptate. Intravenous calcium has
no effect on tetany or cardiovascular depression if the plasma ionized calcium concentra
tion is normal or elevated [9]. However in symptomatic patients whose ionized plasma cal
cium concentration is reduced, intravenous administrationofcalciumsalts elevates the total
and ionized plasma calcium concentration [3], effectively raising the arterial blood pressure
and the cardiac output [3,17].

The intracellular calcium concentrationis only about 0.26 pmol/l [30]. This means that
calcium is a predominantly extracellular ion with volume of distribution which is essential
ly equal to the extracellular fluid volume [3]. Accordingly only a small dose ofcalcium is re
quired to elevate the plasma ionized calcium to a normal level. The usual dose of calcium
chloride for a normal adult is in the region of 0.5-1.0 gm (10-15 mgfkg), or may be calcu
lated using equation 3.

Cadef =Cadose = WEIGHT

5
x ([Ca]d • [Calm) ........ (3)

Cadose = amount of calcium required to replace the extracellular fluid calcium deficit in
mmols.
Cadef = extracellular fluid space calcium deficit in mmols.
WEIGHT = body weight in kg.
[Ca]d = desired total plasma calcium concentration in mmol/l.
[Calm = measured total plasma calcium concentration in mmol/l.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Elective operations in symptomatic hypocalcaemic patients should be delayed until
hypocalcaemia has beentreated. Hypocalcaemicpatientswho are asymptomaticwith a nor
mal ECG, or who have a normal plasma ionized calcium concentration may be treated the
same as any normocalcaemic patient.
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2. The symptomatic hypocalcaemic patient should receive no premedication in case the sys
temic haemodynamic effects of any sedative or opiate drugs are potentiated.

Anaesthesia.
1.The systemic haemodynamic effects ofregional anaesthetic techniques such as spinal and
epidural anaesthesia may be potentiated by cardiovascular depression due to hypocal
caemia. This may cause a greater degree of hypotension than is normally associated with
these techniques. Other regional anaesthetic techniques are not contraindicated.

2. Induction and maintenance ofgeneral anaesthesia may be complicated by a greater than
normal degree of cardiovascular depression in patients with significant hypocalcaemia, as
most general anaesthetic drugs and techniques cause some cardiovascular depression [see
chapter 2.1]. The cardiovascular depression may be effectively reversed by intravenous in
jection of calcium salts.

3. The effects of nondepolarizing muscle relaxant drugs are potentiated. The effects of a
given dose will last longer as well as having a more profound effect. Repeat dosages of
muscle relaxant drugs should only be administered according to clinical requirements, or
using a peripheral nerve stimulator. The enhanced effects of these drugs may be reversed
to some degree by intravenous injection of calcium salts. This enhances release of acetyl
choline into the neuromuscular junction.

4. Blood transfusion at rates greater than 50 mlsI70 kg/min is associated with a reduction of
the plasma ionized calcium concentration in normal patients, and will exacerbate hypocal
caemia in those who are already hypocalcaemic. H hypotension occurs during any blood
transfusion, 0.5-1.0 grn/70 kg of a calcium salt should be administered to treat possible
hypocalcaemia. If the arterial blood pressure subsequently rises, this may be taken as strong
evidence for the existence of a low ionized plasma calcium concentration.

Postoperative.
Symptomatic hypocalcaemicpatients should be admitted to an intensive care unit pos

toperatively until hypocalcaemia has been corrected. Tetany and cardiovascular depression
will only exacerbate any postoperative haemodynamic instability and hypoxaemia.
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Chapter 12.6

HYPERCALCAEMIA

Hypercalcaemia may be defined as aplasma total calcium concentration greater than
2.55 mmol/l, or more realistically as a plasma ionized calcium concentration greater than
1.26mmoVI.

CAUSES
Hypercalcaemia is not usually a problemwhich occurs acutely. Most of the causes are

disorders are chronic, such as hypexparathyroidism [8], thiazide diuretics [8], hyper
thyroidism [8], tuberculosis and sarcoidosis [8], multiple myeloma [8], and cancer, especial
ly when bone metastases are present [9,10].

The main causes of acute hypercalcaemia are vitamin-D intoxication [8], and exces
sive milk or alkali ingestion [8].

PROBLEMS
Hypercalcaemia does not generally cause symptoms or clinical manifestations until

the plasma total calcium concentration exceeds 3 mmoVI [see table 12.5.1]. The clinical
syndrome of hypercalcaemia is characterized by muscle weakness, polyuria, dehydration,
and neurological disorders.

As with hypocalcaemia, the clinical manifestations are related to the plasma ionized
concentration rather than to the total plasma calcium concentration. But the relationship
between plasma ionized calcium concentration and the manifestations of hypercalcaemia
is not awell researched topic. Table 12.5.1 shows the relationship betweenplasma total cal
cium concentration and the clinical manifestations ofhypercalcaemia.

The manifestations listed in table 12.5.1 occur at a lower level of hypercalcaemia if
the patient is hypoproteinaemic or acidaemic.

1. Cardiovascular.
Cardiac output [1,2,3] and systemic vascular resistance [4] increase in direct proport

ion to the plasma ionized calcium concentration. Because of this chronic hypercalcaemia
is often associated with an elevation oftbe arterial blood pressure [5].

2. Electrocardiographic changes and cardiac rhythm.
The electrocardiographic Q-T and 5-T interval decrease as the plasma ionized cal

cium concentration increases [1,2,6].
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Hypercalcaemia itself, in the absence of other electrolyte disorders does not cause
any abnormality of the cardiac rhythm [6], but does potentiate the arrhythmogenic effects
of hypokalaemia [7].

3. Polyuria and dehydration.
If the plasma total calcium concentration exceeds 3 mmol/1, polyuria occurs [11,12].

This is due to a calcium induced disturbance of renal water conservation, and produces a
syndrome similar to diabetes insipidus. The polyuria is associated with glycosuria, as well
as increased losses of sodium and potassium [13]. Excessive water losses, together with
inadequate replacement results indehydration and hypovolaemia, and chronically elevated
potassium excretion may cause hypokalaemia too. Chronic hypercalcaemia may eventual
ly cause renal failure, nephrolithiasis, or both [12,13].

4. Neurological disorder.
Extreme hypercalcaemia with a plasma total calcium concentration greater than 4.25

mmoVl may cause manifestations of disordered neurological function. These manifesta
tions vary from lethargy, to abnormal motor contro~ and alterations of the level of con
sciousness varying from confusion to coma [6,14]. Reduction of the degree ofhypercalcae
mia alleviates all these manifestations.

5. Muscle weakness.
A plasma total calcium concentration above 3.0 mmoVl is not only associated with

polyuria, but may also cause muscleweakness [9,10,11,12, table 125.1].Theweaknessmain
Iy occurs in the proximal leg muscles, although it may also affect the proximal arm muscles
too [11]. Chronichypercalcaemiaalso induces aneurogenic atrophyoftype-ll muscle fibers,
(fast twitch, anaerobic fibers) [11].

The main cause of the abnormal nervous and muscle function is a hypercalcaemia
caused reduction of resting and active cell membrane sodium and potassium ion conduc
tance [15]. This increases the stimulation thresholds ofboth nerve and muscle fibers. If the
stimulation threshold of muscle fibers is sufficiently elevated, muscle weakness will occur,
despite increased acetylcholine release into the neuromuscular junction due to hypercal
caemia [16], as muscles which are unable to be stimulated to contract are weak.

6. Reduced effects of nondepolarlzlng muscle relaxants.
Nondepolarizing muscle relaxant drugs are competitive antagonists of acetylcholine

at the neuromuscular junction acetylcholine receptors. Hypercalcaemia increases the
release ofacetylcholine into the neuromuscular junction [16]. It is therefore not surprising
that in-vitro experimenthasshownthat the concentrationofagiven nondepolarizingmuscle
relaxant required for a given degree ofmuscle relaxation is directly proportional to the ex
tracellular calcium concentration [18]. Clinically it has been found that the effect and dura
tion ofactionofnondepolarizing muscle relaxants is reduced by hypercalcaemia, evenwhen
clinical muscle weakness is present [17].

MANAGEMENT
Treatment of hypercalcaemia is indicated for symptomatic patients, those with

electrocardiographic evidence of hypercalcaemia, and those with an elevated plasma
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ionized calcium concentration. Therapy consists of general resuscitative measures and
specific therapy directed at reducing the plasma calcium concentration [13,19].

1. General measures.
a. Correct dehydration.

Dehydration may occur in patients who fail to drink sufficient amounts of water to
replace urinary losses. Extreme dehydration may be associated with hypovolaemia The
recommended treatment is infusion of 0.9% NaCl solution, as polyuria is also associated
with significant sodium loss. Hypovolaemic patients should initially be administered plas
ma, or another blood volume expanding fluid, e.g. dextran or gelatine solutions, as the res
toration of normal haemodynamic function is the first requisite of any therapy of dehydra
tion. Subsequent to normalization ofsystemic haemodynamics, dehydration may be further
corrected with an appropriate crystalloid solution, e.g. aglucose-saline solution, to replace
the whole body water deficit.

Plasma electrolytes should be regularly monitored so that any reduction of plasma
potassium and sodium concentrations may be treated before they become too gross.

Correction ofdehydration causes significant haemodilution, simultaneously reducing
the extracellular calcium concentration too.

b. Correct hypokalaemia.
Hypokalaemia may occur secondary to hypercalcaemic polyuria Hypercalcaemia

potentiates the arrhythmogenic effects ofhypokalaemia. Replacement ofpotassium should
be done simultaneously with treatment of dehydration. As hypokalaemia develops over a
matter of days it should be treated as for chronic hypokalaemia [see chapter 12.3].

c. Correct hypoproteinaemia.
Hypercalcaemic patients may also be hypoproteinaemic. If this is the case then both

hypoproteinaemia and the elevated plasma ionized calcium concentration may be simul
taneously corrected with an infusion of concentrated human albumin, or plasma.

2. Acute therapy & Rapid reduction of plasma calcium.
a. Loop diuretics.

"Loop diuretics" such as frusemide and ethacrynic acid reduce the plasma calcium
concentration within minutes after intravenous administration. The recommended dose of
frusemide is 40-80 mgl70 kg every 2-4 hours. During administration of diuretics, careful at
tention should be paid to prevention of dehydration and hypokalaemia.

b. Disodium ethylen-diamine-tetra-acetate (EDTA).
This is a compound that chelates with plasma calcium, and so doing immediately

reduces the plasma calcium concentration. The calcium salt formed is filtered in the
glomeruli, and as it does not undergo any significant tubular resorbtion, calcium is
eliminated from the body. One disadvantage of this therapy is that overdosage may cause
a sometimes fatal cardiovascular depression due to extreme hypocalcaemia.

The usual dose recommended for adults is 50-100 mg/kg per day to a maximum of 6
gm/day. The total daily dose may be administered by intravenous infusion over 4-6 hours.
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c. Peritoneal or haemodialysis.
Peritoneal and haemodialysis rapidly reduce the plasma calcium concentration, albeit

only temporarily.

d. Calcitonin.
Intravenous infusion of 2-8 MRC units/kg of calcitonin reduces the plasma calcium

concentration by 2-3 hours after administration. Calcium leaves the circulation and is
deposited in bone.

3. Slow & Chronic management of hypercalcaemia.
a. Parathyroidectomy.

Parathyroidectomy is indicated in patients with proven hyperparathyroidism.

b. Phosphate administration.
Intravenous infusion ofsodium phosphate reduces the plasma calcium concentration

by causing calcium phosphate deposition in bone. One disadvantage is that calcium phos
phate may also be deposited in other organs too, e.g. the kidneys. This may exacerbate any
existing renal dysfunction.

The dose recommended for adults is 1.5 gm{lO kg of sodium phosphate infused in
travenously over 6-8 hours. A single dose begins to work within minutes and exerts its peak
effect by 24-48 hours. The effect of two doses administered on consecutive days may last as
long as 6-15 days.

c. Glucocorticoids.
Chronic administration ofglucocorticoids also reduces the plasma calcium concentra

tion.

d. Mithramycin.
A course of the cytostatic drug mithramycin may be used to treat hypercalcaemia.

ANAESTHETIC MANAGEMENT
Preoperative.
1. No patient with symptomatic hypercalcaemia should be permitted to undergo elective
surgery. General anaesthesia may exacerbate the neurological disorder in addition to caus
ing profound cardiovascular depression in dehydrated patients. Hypercalcaemia which is
severe enough to cause neurological manifestations and muscle weakness should be treated
priore to any elective operation.

Asymptomatic hypercalcaemic patients may be managed the same as any normocal
caemic patient for the operation planned.

2. No sedative drugs should be administered preoperatively to patients with neurological
manifestations of hypercalcaemia. The already reduced level of consciousness may be fur
ther depressed.

3. Dehydration and hypovolaemia should be corrected prior to induction of anaesthesia,
and certainly prior to any elective surgical procedure.
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Anaesthesia.
1. Strict attention should be paid to fluid balance, so that existing dehydration is not exacer
bated, or that dehydration may be prevented. Hypoproteinaemia may occur perioperative
ly due to loss of plasma into traumatic oedema, ("third space" losses). Hypoproteinaemia
elevates the plasma ionized calcium concentration, exacerbating any existing hypercalc
aemic manifestations. Plasma, or albumin concentrates should be infused peroperatively
during major surgery to prevent this occurring.

2. Regional anaesthetic techniques such as spinal and epidural anaesthesia are contraindi
cated in the patientwho is dehydrated. The hypotension causedby these techniques is more
extreme in hypovolaemic patients [see chapter 14.4].

3. When administering general anaesthesia to a symptomatic hypercalcaemic patient there
are a number of factors that should be taken into consideration.

a. Use a general anaesthetic technique with controlled ventilation. This will guarantee
oxygenation in spite ofmuscle weakness, in addition to which slight hyperventilationwill
reduce the plasma ionized calcium concentration.

b. The potency and duration of action of the nondepolarizing muscle relaxant drugs is
reduced by hypercalcaemia. This necessitates higher doses and more frequent ad
ministration of these drugs than usual. Muscle relaxants should be administered accord
ing to clinical requirements, or using a peripheral nerve stimulator as a guide.

c. If the patient is dehydrated, drugs should be selected that cause mjnjmal cardiovascular
depression. General anaesthetic drugs will further exacerbate any haemodynamic disor
der due to hypovolaemia [see chapters 14.4 and 2.1].

Postoperative.
Symptomatic severely hypercalcaemic patients should be admitted into an intensive

care unit postoperatively for further management ofhypercalcaemic manifestations as well
as postoperative care.
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Part 13

DISORDERS OF ACID-BASE BALANCE

Normal physiological processes require the simultaneous functioning of many
hundreds of enzyme and non-enzyme catalyzed chemical reactions. The rates of all these
reactions are dependent on the pH of the chemical environment in which they occur. Nor
mal physiological function is dependent on these reactions occurring at rates determined
by the pH normally present in the regions in which these reactions occur. A change in the
intracellular or extracellular pH changes the rates of these reactions relative to each other,
so causing organ dysfunction.

This section deals with the practical clinical aspects of the disorders of acid-base
balance, and as such does not discuss the biochemistIy or pathogenesis of these disorders
in any great detail. For the latter, the reader is referred to the many excellent works cur
rently available on this subject. The average clinician has avery pragmaticview on this mat
ter. He wishes to know only a few things.

• What effects do these disorders have, and are they clinically significant?

• At what pH is the level of physiological dysfunction such that treatment is re
quired?

• What is the treatment?
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Chapter 13.1

DEFINITIONS & DIAGNOSIS OF ACID-BASE DISORDERS

NORMAL PARAMETERS AND DEFINITIONS
When considering any acid base disorder, one should not only consider extracellular

changes, but also the intracellularchanges in acid-base balance. Cellularfunction isaffected
by extracellular changes in acid-base balance, but as most of the enzymes that regulate cell
function are intracellular, intracellular changes ofacid-base balance are ofevengreater im
portance. Regrettably the only tissue easily amenable to clinical analysis is blood, and here
only changes in plasma acid-base status are measured. Normal values of the parameters
measured are shown in table 13.1.1, and defined below.

Table 13.1.1.
Normalvalues ofparameters measured for determination ofblood acid base status.

Parameter

pH
P02
PC02
[HC031
Base excess
02 saturation

Arterial

7.36-7.44
11.3-13.3kPa (80-100mmHg)

4.8-5.9kPa (36-44mmHg)
21-25 mmolll
+/- 2 mmolll

98%

Venous

7.34-7.42
5.5-6kPa (37-42mmHg)

5.6-6.7kPa (42-50mmHg)
21-25 mmol/l
+/- 2 mmolll

75%

pH.
This is the negative logarithm to the base 10 of the hydrogen ion (H+), concentrat

ion ([H+D. It should be noted that the usual glass pH electrode does not measure [H +],
but instead measures H+ activity [2].

pH = -log[H+] (1)
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Bicarbonate Ion concentration ([HCOal).
The concentration ofbicarbonate ion in the plasma, expressed in millimoles per liter,

or milliequivalents per liter.

Base excess.
This is a measure of the acidity or alkalinity of the blood. It is defined as the number

of millimoles of an acid or base required to bring the pH of one liter of the blood sample
under investigation to a pH of 7.40, if that blood sample is kept at a temperature of 3SoC
at a PC02of 5.33 kPa (40 mmHg).1t is expressed as a positive number. Ifthere is an excess
of acid, the base excess is expressed as a negative quantity.

Intracellular pH.
The intracellular and extracellular pH are regulated within a narrow range, and this

is the range within which the body as a whole functions best. Normal values for intracel
lular and extracellular pH are shown in table 13.1.2.

Table 13.1.2.
Normal ranges of pH for Intracellular and extracellular

fluid.

PLASMA & EXTRACELLUlAR FLUID =7.35-7.45

INTRACELLULAR FLUID = 6.51-7.29 [1]
(depends on tissue)

TYPES OF ACID-BASE DISORDERS
Equations and chemical reactions.

Maintenance ofpH within a narrow range in each tissue is achieved by a number of
buffer systems which tend to minimize any change of the hydrogen ion concentration. The
most important of these buffer systems, for both intracellular and intracellular fluid is the
bicarbonate (HC03") buffer system. The principal reactions occurring are shown below.

carbonic spontaneous
C02 + H20. I H2C03' I H+ + HC03"

anhydrase

Hydration of carbon dioxide to carbonic acid, and the reversal of this same reaction,
does occur spontaneously, but is speeded up by a factor of 5000 times by the enzyme car
bonic anhydrase. Carbonic anhydrase is not widely distnbuted throughout the body, being
present only inside erythrocytes, acid secretingcells ofthe stomach, renal tubular cells, and
choroid plexus, but not in other cells, plasma, or interstitial fluid.
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FIGURE 13.1.1. - The relationship between the bicarbonate ion concentration and the pH of
plasma is shown for various levels ofPC02 as calculated by the Henderson-Hasselbach equation.
The buffer base line for human whole blood in-vitro is also shown. This is the well known Daven
port diagram.

It is the relative concentrations of H+ and HC03- which determine the pH of the
fluid that they buffer, be it intracellular or extracellular. This relationship is usuallyex
pressed by the Henderson-Hasselbach equation (equation 2).

[HeOa-]
pH =6.1 + 10910 + ......(2)

[H ]

It is more usual to express the Henderson-Hasselbach equation using the partial pres
sure of carbon dioxide as a measure of the [H+]. This gives rise to the well known form of
the Henderson-Hasselbach equation, (equation 3).

pH
[HC03-]= 6.1 + 10910 ...... (3)

0.225 x PC02(kPa)
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(N.B. for those who wish to express the PCOz in mmHg, the constant by which the PCOz
must be multiplied is 0.03 instead of 0.225).

For any given pH and pcen there is a unique [HC03-], and vice versa for the PCen.
The equations describing this are derived by rearranging equation 3 above.

[HC03"] = 0.225 xPC02 X10(PH -6.1) ...... (4)
and

[HC03-]
PC02 =-0-.22-5-X-1-0"7"(pH-:-:--:.6=-=.1r-) (5)

These equations may be represented graphically by the well known Davenport
diagram to show the relationship between the pH and [HC031 for any given PC02, [see
fig. 13.1.1].

Reaction rate of the blood carbonic anhydrase system.
Carbon dioxide and HC03- diffuse freely across capillary endothelium between the

blood and interstitial fluid, as well as across cellmembranes. Becauseofthis, rapid exchange
and equilibrium of carbon dioxide and HC03- is possible between interstitial fluid and
erythrocyte intracellular fluid, in addition to the rapid exchange of carbon dioxide across
the pulmonary alveolar endothelium. Both hydrolysis and synthesis ofHC03- occur rapid
ly in erythrocytes because of the high cytoplasmic carbonic anhydrase concentration. In
vitro and in-vivo canine investigations have shown that the rate at which a new pH equi
librium in plasma occurs after acute addition of carbon dioxide to blood has a half life of
about 6-7 seconds [8]. Equilibrium in whole blood is slowed by the fact that HC03- is only
formed inside the erythrocytes as there is no carbonic anhydrase in the plasma itself, there
fore the rate ofchange ofplasma pH is dependent on the rate at which HCOf diffuses into
the plasma across the erythrocyte membrane. Because of this, and also because HCOf is
exchanged betweenplasmaand interstitial fluid, it is notsurprisingthat it takes5-10 minutes
in humans for a new steady state pH to be achieved in blood after acute induction of
respiratory acidosis [3], respiratory alkalosis [4], metabolic acidosis [5], or metabolic
alkalosis [6]. The new acid-base status measured after acute induction of an acid-base dis
order in humans remains stable for at least an hour [3].

CLASSIFICATION OF ACID-BASE DISORDERS
The usual method of classifying acid-base disorders is to divide them into metabolic

or respiratory acidosis and alkalosis.

1. Acute metabolic acidosis.
Metabolic acidosis is either due to administration of non-volatile acids such as HCl,

lactate, acetylsalicylic acid etc, or endogenous production of acids such as lactate or
ketoacids. This increases H+ concentration relative to the HC03- concentration, and so
pH is reduced [see fig. 13.12 for an illustration of the changes occurring].



468 Chapter 13.1

40.------------- ---,

RESPIRA TORY ALKALOSIS +
I1ET ABOLIC ACIDOSIS

PC02=5.33kPa

:40mmHg
35

"0 30E
E
""'
Z 25
0

~
I1ETABOLIC

a:: 20....
Z
w

150
Z
0
0 10
1M
0
0 5:r:

0
7

RESPIRA TORY ACIDOSIS +
I1E TABOLIC ALKALOSIS

7.2 7.4

pH

7.6 7.8

FIGURE 13.12. - The relationship betwccn the PC02, pH, and bicarbonate ion concentra
tions are shown for various pure and mixed acid-base disorders.

2. Acute metabolic alkalosis.
Metabolic alkalosis is due to an elevation of the plasma HC03- concentration. This

may be caused by infusion of an NaHC03 solution, or metabolism of sodium lactate, or
citrate [see chapter 13.3]. Elevation of [HC03-] relative to the [H+] increases the pH, [see
fig. 13.1.2 for an illustration of the changes occurring].

3. Acute respiratory acidosis.
Carbon dioxide is eliminated from the body through the lungs. Areduction ofalveolar

ventilation relative to carbon dioxide production elevates the PCOz in the body. As the
concentration of HC03- does not change as rapidly as that of the PCQz, the plasma [H +]
is elevated relative to that of [HC03-] and the pH falls, [see fig. 13.1.2].

4. Acute respiratory alkalosis.
Elevation of alveolar ventilation relative to the carbon dioxide production decreases

the pcen of the blood and whole body. As the PCOz and hence the [H+] decreases at a
faster rate than the [HC03-], the [HC03l is elevated relative to [H+] and alkalosis occurs,
[see fig. 13.1.2 for an illustration of the changes occurring].
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COMPENSATION OF ACID-BASE DISORDERS
H a given change of acid-base status lasts for several hours, further changes of acid

base status occur, mainly as a result of changes in intracellular HCOJ- concentration. The
rate at which this occurs is dependent on the cardiac output, and the activity of the
erythrocyte carbonic anhydrase system.

As the only other cells, besides erythrocytes, in which carbonic anhydrase is present
are acid producing cells of the stomach, and the cells of the choroid plexus ofeye and brain,
it is obvious that the erythrocytes are effectively the main source of HCOf that diffuses
into the interstitial and intracellular fluid, and the main site ofhydrolysis of any HC03-that
diffuses out of cells. The rate at which HCOJ-exchange occurs is dependent on the HCOJ
concentration gradients existing between the plasma, interstitial fluid, and intracellular
fluid, which in turn is dependent on the cardiac output Cardiac output is the factor deter
mining the rate at which HC03- and COz are transported to and from tissues where ex
change takes place.

The total volume of carbon dioxide stored in the average 70 kg adult human body is
equivalent to about 123 liters of carbon dioxide gas, of which only 2.4% is present in the
lungs and blood. About 70-90% of this carbon dioxide is stored as carbonates in bone and
as HCOJ-[7], which means that there is a total ofapproximately 3.8-4.9 moles ofcarbonates
and HC03- stored in the whole body. A new blood and interstitial fluid pH equilibrium
takes about 5-10 minutes to occur after an acute change ofacid-base status [3,4,5,6]. As this
volume embraces only about 6% of the total carbon dioxide stores, it is apparent that it
takes some hours for a new acid-base equilibrium to occur in all fluid compartments after
any change of acid-base status.

This slow change of whole body HCOJ- and COz content after establishing a new
blood acid-base status tends to normalize the blood and intracellularpH, and is called "com
pensation" ofan acid-base disorder. While the process ofcompensation tends to normalize
the pH after establishment ofan acid-base disorder, the pH never becomes completely nor
mal. The magnitude of the changes required for any given degree of compensation may be
calculated using equations 4 and 5 in this chapter or by reference to figure 13.1.1.

A simple outline of the basic events that occur in the hours and days following an es
tablished acid-base disorder isgiven below. Should the readerwishamoredetailed explana
tion, he is advised to consult one of the various excellent standard works on the
pathophysiology of acid-base disorders.

1. Compensation for metabolic acidosis.
During metabolic acidosis the renal tubular cells secrete increased amounts ofH + in

exchange for Na+, and HCOJ" is also retained. The effect of this is to increase the body
HC03- concentration relative to the H+ concentration, which increases the pH. Renal
tubular HCOJ-excretion is reduced in spontaneously breathingpatients, albeit not signific
antly, by an acidaemia induced elevation of respiratory minute volume, which while it
decreases the pcen and the [H+], also reduces the [HCOJl

2. Compensation for metabolic alkalosis.
The effect ofmetabolic alkalosis in spontaneously breathing persons is to reduce the

respiratory minute volume. This causes the PCOz to rise, which does elevate the H+ con
centration, but also increases the HC03-, which tends to reverse this beneficial effect. In
some patients the reduction ofrespiratory minute volume is so extreme that the Pacen may
rise as high as 8.8 kPa (66 mmHg) [9]. As HCOJ- is not excreted in the urine until the plas-
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ma concentration rises above 28 mmoVI, it is obvious that renal compensation is not an im
portant mechanism of compeqsation for metabolic alkalosis unless it is quite severe.

Table 13.1.3.
Changes in arterial pH, PC02, and [HC0:31 relative to one another invarious acid-base dis·
orders.

DISORDER INITIALCHANGES AFTER COMPENSATION
pH PC02 [HCOa-) pH PC02 [HC031

RESPIRATORY ACIDOSIS ~ t N on t t

RESPIRATORY ALKALOSIS t ~ N O/t ~ ~

METABOLIC ACIDOSIS ~ N ~ O/~ ~ ~

METABOLIC ALKALOSIS t N t O/t t t

"t" = increase; lit = decrease; "a" = no change;IN" = normal.

3. Compensation for respiratory acidosis.
The elevated H + concentration causes increased renal tubular secretion ofH+ and

a greater degree of HC0:3- resorbtion in exchange for chloride ion. In fact the plasma a
concentration falls as the HCOJ- concentration rises. Elevation of the HCOJ- concentra
tion relative to the H + concentration increases the pH.

4. Compensation for respiratory alkalosis.
During respiratory alkalosis, renal tubular excretion ofH+ is depressed while the ex

cretion of HC03- is increased. As the maximum rate ofrenal HCOJ- excretion in adults is
about 0.5 moles/day [10], renal compensation of respiratory alkalosis takes some hours to
days to be effective. The effect of a reduction of HC03· concentration relative to the H+
concentration is to reduce the pH.

DIAGNOSIS OF ACID-BASE DISORDERS
The diagnosis of any acid-base disorder must be made on the basis of;

• clinical history,
• measurement of blood acid-base parameters and gases,
• measurement ofplasma electrolytes.
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1. Clinical history.
This is necessary because measurement ofintracellular pH and cytoplasmic composi

tion in living humans is at present technically difficult An idea ofwhat is occurring in the
intracellular compartment of the body can onlybe inferred from the blood acid-base status,
plasma electrolyte concentrations, and the clinical history. The clinical history also enables
the primary cause of the disorder to be more definitively established.

2. Analysis of arterial blood gas88 and acid-base status.
Measurement ofthe arterialplasmapH. PC02, [HC031, and P02 provide further in

formation as to any diagnosis. Reference should be made to table 13.1.1 and figures 13.1.1,
and 13.1.3 for a guide as to interpretation of the data.

Most of the disorders encountered clinically are of the mixed type. They have both a
metabolic as well as a respiratory component because a degree of compensation has oc
curred. The clinical history is then ofvalue in determining the primary cause.

Table 13.1.4.
Anions most commonly causing Increased anlon-gap acldaemla.

Ketoacidosis - Diabetes mellitus, starvation, alcohol.

lactic acidosis - Severe hypoxaemia. shock.
- Lactic acidosis secondary to biguanide

drug usage.

Renal failure

Intoxications

- Due to failure of excretion of S042-, HPol-, etc.

• Salieylates, methanol, paraldehyde, etc.

3. Plasma electrolyte concentrations.
Measurement of the plasma sodium (Na+), potassium (K+), chloride (0-), and

HC03· concentrations allows the "aniongap" to be calculatedaccording to equation6below
[11].

ANION GAP =[Na+] + [K+]- [HC031- [CIl ....(6)

(Normal anion gap is between 9-14 mmol/l)
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The "anion gap" provides a measure of the concentration ofunmeasured anions. It is
significantly elevated when it is greater than 14 mmoVL The clinical history usually gives an
idea as to the likely anion to be considered [see table 13.1.4].
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Chapter 13.2

FACTORS MODIFYING CLINICAL MANIFESTATIONS OF ACID·
BASE DISORDERS

The clinical manifestations of any given acid-base disorder are not only determined
by the magnitude of the acid-base disturbance. but are also considerably modified by any
coexisting diseases that a patient may have, or drugs that are ingested. Accordingly the
physician should never just look at the laboratory measurements of anion-gap and blood
gas values, but assess the clinical condition of the patient as a whole.

Some of the most important factors affecting the manifestations of clinical acid-base
disorders are discussed in this chapter. It should be noted that this chapter should be read
in conjunction with chapter 13.3, as both chapters are complementary.

Table 13.2.1.
Manifestations of of acute hypoxia on cerebral function.

P.02

4.6 kPa
(35mmHg)

3.3-4 kPa
(25-30 mmHg)

2.7-3.3 kPa
(20-25 mmHg)

2.7 kPa
(20mmHg)

Circulatory
arrest

CUNICAL MANIFESTATIONS

- Dimming of vision. Iightheadedness.
nausea and restlessness In acutely
hypoxic normal humans [2].

- Threshold for loss of consciousness in
acutely hypoxic normal humans [3].

- Threshold for loss of consciousness in
acutely hypoxic, chronically hypoxic
and hypercarblc humans [3].

- Threshold for slowing of electro
encephalographic frequencies [4,5].

- Unconsciousness by 7.5 seconds. and
cerebral damage after 3 minutes [1].
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HVPOXAEMIA
Adequate supplies ofoxygen are absolutely vital for the maintenance ofnormal organ

function. Severe hypoxaemia can cause organ dysfunction independently of any acid-base
disorder. The heart and the brain are the two organs most sensitive to the effects ofhypoxia.

1. Effects of hypoxia on brain.
The human brain is very sensitive to hypoxia. This is well shown by the rapidity with

which unconsciousness occurs after cerebral circulatory arrest. Sudden cerebral circulatory
arrest in humans causes unconsciousness by 7.5 seconds [1]. Systemic hypoxaemia induces
cerebral dysfunction in proportion to the degree of hypoxaemia. Below a Pa02 of 2.7 kPa
actual cerebral tissue hypoxia occurs as is shown by slowing of the electroencephalogram
frequencies. The manifestations of varying levels of acute cerebral hypoxia are shown in
table 13.2.1.

2. Heart.
Absolute myocardial hypoxia causes pump failure within seconds, one of the reasons

presumably being rapid consumption of the meager adenosine triphosphate (ATP) stores
of the heart [6]. Another part explanation for the rapid loss of contractility is that hypoxia
also very rapidly induces intracellular acidosis, which inhibits binding of calcium ions to
troponin, a process essential for activity of the myocardial contractile proteins [7].

Few human investigations have been performed on the effects of hypoxaemia on the
cardiovascular system. In one investigation performed on humans with normal cardiovas
cular function who were held upright while administered 42% oxygen for periods of 3-16
minutes, none of the subjects developed cardiovascular collapse, despite the PaCh drop
ping as low as 2.45 kPa (18.38 mmHg) in one subject [8]. No cardiovascular collapse occurs
in patients with severe respiratory disease who become unconscious due to the Pa02 fall
ing below 2.67-3.3 kPa (20-25 mmHg) [3]. In fact the heart appears to be rather resistant to
hypoxia. Canine studies have shown that hypoxic cardiac failure only occurs when the
coronary sinus oxygen saturation is below 5-7%, which is equal to a Pch of about 0.53-0.67
kPa (4-5 mmHg) [9]. Anaerobic glycolysis and hypoxic heart failure begin simultaneously
in the myocardium at this critically low level of oxygenation of coronary sinus blood [9].

In conclusion.
These investigations reveal that brain hypoxia and dysfunction will occur if the Pa02

is lower than 3 kPa (23 mmHg). The heart is more resistant to the effects of hypoxia than
the brain. However these are extreme degrees of hypoxaemia, and the question arises of
what happens with lesser degrees of hypoxaemia. This is discussed below.

OXYGEN TRANSPORT
1. Effects of acid-base disorders on oxygen transport.

Oxygen transport, or flux, is the amount of oxygen transported to the body from the
heart per unit time. The equation descnbing this is in chapter 4.5, and is reproduced as
equation 1below. Note that for the sake ofsimplicity, the small amount ofoxygen dissolved
in physical solution in the blood is ignored.

OXYGEN FLUX =0.216 x Sa02 x CO x [Hb] .......(1)
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OXYGEN FLUX = m1s of oxygen pumped out of the heart per minute.
S802 = percentage saturation of the arterial blood.
CO = Gargi,,~ ouwut in Vmin!
[Hb] == haemoglobin concentration in mmolJI,(l mmolJI =0.6205 gm/IOO mIs).
N.B. See appendix-D and chapter 4.1 for conversion factors to old cgs units. If the assump
tion is made that tissue hypoxia occurs if the venous POz drops lower than 2.67 kPa (20
mmHg) [see above], then the well known Fick equation may be rearranged to calculate the
minimum arterial SaOz required to prevent tissue hypoxia for a given set of circumstances
[see chapters 4.2 and 4.3].

V02
Sa02 = + Sv02 .......(2)

0.216 x [Hb] xCO

V02 = Volume of oxygen consumed by the body per minute (ml/min).
Sv02 = venous oxygen saturation (%).
S802 = arterial oxygen saturation (%).

Haemoglobin oxygen saturation is very dependent on the pH, peoz etc [see chapter
4.2]. For this reason the saturation of haemoglobin with oxygen at a POz of2.67 kPa varies
considerably with pH as is shown in table 13.2.2.

Table 13.2.2.
% Saturation of haemoglobin with
oxygen at POz = 2.67 kPa (20
mmHg) for various pH values.

pH 502(%)

7.1 19.77
7.2 23.27
7.3 27.34
7.38 31.0
7.5 37.1
7.6 42.8
7.7 48.8

This has obvious consequences for the minimum arterial SOz required to prevent tis
sue hypoxia occurring at a given level of oxygen consumption. These data and equation 2
have been used to construct figures 13.2.1 and 13.2.2 which show the consequences ofboth
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acidaemia and alkalaemia respectively on the minimum arterial 502 required to prevent
tissue hypoxia for agiven oxygen consumption, cardiac output and haemoglobin concentra
tion, for blood at pH =7.2 and 7.6 respectively. It is seen from these figures that the product
of cardiac output and haemoglobin concentration is a critical parameter in determining
whether tissue hypoxia will occur at a given level of arterial oxygen saturation.

2. Effects of acid-base disorders on oxygen consumption.
Alkalosis increases total body oxygen consumption, even in the situation of total

paralysis with controlled ventilation. Canine investigations have shown that oxygen con
sumption is elevated for the whole body, and also for isolated tissues during alkalaemia
[10,11]. The elevation of total body oxygen consumption in dogs as a result of alkalaemia is
quite considerable, increasing about 9% per 0.1 unit pH increase [11].

3. Effects of acid-base disorders on erythrocyte deoxygenation rate.
The rate of erythrocyte deoxygenation is also influenced by the pH. The rate of

deoxygenation ofhuman erythrocytes in-vitro decreases about 5% for each 0.1 unit increase
of pH in the range 6.5-7.9 at a temperature of 370 Celsius [16]. Acidosis increases the rate
of oxygen transfer into tissues, while alkalosis retards it.

100 200 300 400 'Oxygen consumption in mis/min
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Hb in 1% 0

FIGURE 13.2.1. - The minimum Sa02 required to prevent cerebral hypoxia is related to the
CO x [Hb] product for various levels ofoxygen consumption. The curves in this figure are for nor
mocarbic acidotic blood with a mixed venous pH = 72 and a Sv02 = 23.27% (P02 = 2.67 kPa).
The assumption is made that manifestations of cerebral hypoxia occur when the jugular venous
POz is less than 2.67 kPa (20 mmHg). If the measured Sa02 is less than that given by the graph for
the level of oxygen consumption and the CO x [Hb] product, then cerebral hypoxia is likely.
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FIGURE 13.2.2. - The same as fig 13.2.1, except that here the mixed venous pH = 7.6, i.e.
there is a marked alkalosis present.

A clinical example.
Use equation 2 in this chapter and the relevant equations in chapters 4.1 and 4.3. Take

the example of a sick elderly adult patient with a V02 = 300 mlsImin, [Hb] = 5 mmol/1 =
8.1 gm/100 mIs, and a maximum cardiac output = 5 1/min as a result of ingestion of a B
blocker drug plus heart disease. In this case the CO x [Hb] product is 25. At a blood pH =
7.2, i.e. acidaernia, tissue hypoxia will not occur until the Sa02 falls below 78.8%, meaning
a pa02 = 6.9 kPa = 52 mmHg. But the situation is quite different if this same patient were
to become acutely alkalaernic, pH = 7.6, due to overly enthusiastic administration of
sodium bicarbonate. Now the minimum Sa02 required to prevent tissue hypoxia is 98.35%,
that is a Pa02 = 12.55 kPa = 94 mmHg. This level of saturation and Pa02 is usually able
to be maintained in patients whose respiratory function is normal, but this is certainly not
possible in patients with severe cardiopulmonary disease. Even a slight reduction of the
Pa02 under these circumstances would be sufficient to cause cerebral hypoxia in this
theoretical patient.

It is apparent from these fascinating calculations that an alkalaernic patient is less
tolerant of hypoxaernia than is an equivalent acidaernic patient. In fact the above calcula
tions are somewhat of a simplification in the case of the alkalaernic patient, as the situation
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is in actual fact even worse than depicted up to this point This is because of the other un
desirable effects of alkalaemia.

If the whole body oxygen consumption in humans increases to the same degree as in
dogs, the above example patient above would have his oxygen consumption increased by
about 20% due to alkalosis. This means his V02 would be about 360 mlsImin, and accord
ingly the minimum Sa02 required to prevent tissue and cerebral hypoxia would be 109%,
which is impossible except in a hyperbaric tank, and so the patient will develop tissue
hypoxia with all the consequences of this. This effect is further exacerbated by the reduced
transfer rate of oxygen from erythrocytes into tissues.

In the above patient, a cardiac output of5 Vmin is the maximum that can be achieved,
and so cannot be further increased. However this is not so for the haemoglobin concentra
tion. If the V02were to remain at 360 mlsImin, and the haemoglobin concentration was in
creased to 8 mmoVl = 12.8 gm/100 mis, then the CO x [Hb] product would be 40. In such
a situation the minimum tolerable Sa02 during alkalaemiawith pH =7.6 would be 84.46%,
Le. aPa02 = 5.45 kPa = 41 mmHg, which is a dramatic reduction. This enables such a level
of alkalaemia to be tolerated without tissue hypoxia occurring. Increasing the cardiac out
put would also have a similar effect, if this were possible in this patient.

4. Clinical correlations.
a. Healthy persons.

The above considerations correlate well with clinical practice. There are reports of
patients with normal cardiovascular systems undergoing prolonged apnoeic mass move
ment oxygenation. None of these patients developed cardiovascular collapse or cerebral
hypoxic damage, despite a blood pH which varied between 6.67-6.96, because the Sa02 was
greater than 75% [12,13]. This means that tissue oxygenationwas adequate in these patients.
It is obvious from this that moderate acidosis need not be corrected in patients with a more
than adequate cardiac output, blood pressure and arterial oxygen saturation.

Healthy young volunteers in whom acute combined respiratory and metabolic
alkalosis is induced to a pH of7.792 do not become unconscious, nor develop any manifes
tations ofdepressed cardiovascular function [14]. Nor does cardiovascular collapse, or heart
failure develop in persons made acutely hypoxic, hypocarbic, and unconscious by breathing
4.2% oxygen for periods of up to 16 minutes. In one subject the arterial pH was 7.6, Sa02
= 40%, and PaC02 = 3.1 kPa (23 mmHg) [8]. The subjects almost certainly did develop a
degree of cerebral hypoxia, but the effects were transient because the hypoxia was not total,
causing only minimal, if any permanent damage. Or any hypoxic damage that did occur was
not easily observable because the subjects were long-term institutionalized catatonic and
hebephrenic schizophrenics [8].

The conclusion able to be drawn from these extremes is that the healthy human car
diovascular system appears to tolerate extremes of hypoxia rather better than the brain.

b. Sick patients.
The above is true of persons with a normal cardiovascular system, but is not neces

sarily applicable to the elderly, to patients ingesting sympathetic nervous system blocking
drugs, e.g. B-blockers, or those with cardiovascular disease such as heart failure, severe
coronaryvascular disease, etc. Such patients approximate the example patient above, in that
their [Hb] x CO product is limited. Restoration of a normal [Hb], elevation of cardiac out
put with inotropic drugs, and correction of alkalosis are all required in such patients, in ad
dition to maintenance of a high arterial oxygen saturation.
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The ab'ove finds support in the observation that the mortality of critically ill surgical
patients increases in direct proportion to the degree of alkalaemia. Mortality is as high as
80% in patients whose arterial pH is between 7.65-7.7 [15]. These patients often have
respiratory dysfunction, are hypoxaemic, are frequently anaemic, and often have some
limitation to any elevation of their cardiac outputdue to hypovolaemi~ drugs, or cardiovas
cular disease.

CARDIAC OUTPUT
Cardiac output is one of the main determinants of oxygen transport. During alkalosis,

patients with a limited ability to increase their cardiac output will develop manifestations
oftissue hypoxia at alesser degree ofalkalosis than normal persons [see "Aclinical example"
this chapter]. The patients who are least able to increase their cardiac output in response
to hypoxia are the elderly, those using B-blocking drugs, those with heart failure, or severe
coronary vascular disease, and with cardiac valvular disorders.

The direct effect of acidosis on the heart is a cardiovascular depression which in
creases in direct proportion to any reduction of the pH. This effect is minimized in normal
persons by an increase in sympathoadrenal activity induced by acidaemia. Persons whose
sympathoadrenal system is blocked by drugs, e.g. B-blockers, ganglion blockers, general
anaesthetic drugs etc, or if the activity is already depressed by disease or old age, are more
than usually sensitive to the cardiovascular depression that may be induced by acidosis.
Those persons whose baroreflexes are deficient also fall into this category of patient [see
chapter 8.6].

HYPOVOLAEMIA
Hypovolaemia reduces the cardiac filling pressures, and accordingly the cardiac out

put. As has been discussed above, the cardiac output is one of the critical factors in deter
mining the survivability of an acid-base disorder [see chapter 14.4].

ANAEMIA
The haemoglobin concentration is also acritical factor in determining whether tissue,

and especially brain hypoxia occurs, [see chapters 4.3 and 5.1].

MECHANICAL or SPONTANEOUS VENTILATION
1. Effects of controlled ventilation.

Controlled ventilation exerts systemic haemodynamic effects which significantly alter
the response of the body to acid-base disorders. Cardiac output during intermittent posi
tive pressure ventilation (IPPV), is inverselyproportional to the respiratory minute volume
and the mean intrathoracic pressure, an effectwhich is independent of the PaC02 [17]. The
cardiac output is further reduced by the application of positive end expiratory pressure
(PEEP) [18].

2. Effects of spontaneous ventilation.
Cardiac output increases in humans during spontaneous hyperventilation, even when

the PaCOZ falls as low as 3.2 kPa (24 mmHg). This is an effect that occurs mainly when hy-
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perventilation is commenced, as the cardiac output subsequently subsides to alevel only
slightly above, or equal to, the resting cardiac output [20]. The increase of cardiac output
is presumably due to the increased respiratory work of hyperventilation.

3. Effect of carbon dioxide.
Cardiac output in humans is directly proportional to the PaC02. Hypocarbia reduces

cardiac output, while hypercarbia increases it, regardless of whether respiration is spon
taneous, or controlled with IPPV [19,21].

SYMPATHETIC NERVOUS SYSTEM FUNCTION
Both acidosis and alkalosis have a marked and physiologically important effect on

sympathoadrenal activity and plasma catecholamine concentrations.

1. Acidosis.
Acidosis increases plasma catecholamine concentration by a direct effect on sym

pathetic nerve terminals [23] and the adrenal medullae [24] by increasing release of
catecholamines. In addition to this direct effect, acidosis also causes central nervous
stimulation of sympathoadrenal activity [25].

2. Alkalosis.
Alkalosis has the reverse effect to acidosis, decreasing sympatho-adrenal responsive

ness, so reducing the elevation of plasma catecholamine catecholamines in response to
stimuli such as haemorrhage [26,27].

3. Physiological Importance.
This sympatho-adrenal response is of utmost importance in maintaining cardio

vascular function during acid-base disorders. The direct effect of acidosis on the ISO
LATED heart is to decrease the myocardial contractility and cardiac output. This effect
begins at a pH of 7.3, is significant by pH = 7.22, and the depression is so great at pH =
6.96, that the cardiac output is minimal. Alkalosis, even up to pH = 7.7 has no effect on
isolated heart performance, cardiac output and contractility being unchanged [22].

But during acidosis in an !NTACT living animal or person, the elevation of plasma
catecholamine concentrations and elevation of sympathetic nervous activity reverses the
direct acidosis-induced myocardial depression to some degree [22], and appears to be vital
in maintenance ofadequate haemodynamic function in severe degrees of acidosis. Because
of this, a lower pH is then required to cause a given degree of myocardial depression.

Sympathetic blockade with B-adrenergic blocking drugs exacerbates cardiovascular
depression due to acidosis [28], as does any condition in which elevation of the cardiac out
put is limited, or there is baroreflex dysfunction [see chapter 8.6]. For these reasons, patients
with deficient sympathoadrenal responses to acidosis in may be expected to develop
cardiovascular depression, rather than the cardiovascular stimulation observed in healthy
humans.

SEVERITY OF ACID-BASE DISORDER
It is the severity of the acid-base disorder that ultimately determines the effect on the

body, and it is the intracellular pH that determines the functioning ofthe various organs af-
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fected by the disorder. The intracellular pH is directly proportional to the extracellular pH
in both metabolic as well as respiratory acid-base disorders. IntracellularpH is always some
what lower than the extra~el1ulW" pHI Dorm~y varying 1;>etween 6.94-7.28 [29]. In the ex
tracellular pH range of7.2-7.5, there is little variation of the intracellular pH of mammals,
because of effective intracellular buffering in this range [29,30]. This correlates well with
the clinical observation that few problems due to acid-base disorders occur in this pH range.

The extremes ofextracellular pH compatible with life are listed in table 13.2.3. These
extremes have been measured in patients with normal cardiovascular systems. In the case
of acidosis, a pH of 6.67 has been recorded in one patient who underwent apnoeic mass
movement oxygenation for a period of three hours without developing cardiovascular col
lapse [13]. Acute combined metabolic and respiratory alkalosis has been induced in heal
thy human subjects to a pH of7.79 without significant changes in systemic haemodynamics
occurring [14]. In-vitro studies have shown that mitochondrial oxidative phosphorylation
ceases when the intracellular pH has fallen to 6.0 [31].

The above are extremes in healthy humans. But systemic haemodynamic disorders
manifest at a lesser degree ofpH abnormality in most sick patients because of the presence
of one or more of the factors discussed in this chapter.

Table 13.2.3.
Normal ranges, and lethal extremes of pH for intracellular and extracel
lular fluid.

PLASMA

NORMAL RANGE

LETHAL EXTREMES

7.35-7.45

< 6.67 [12,13] and> 7.8 [14]

NORMAL RANGE
(depends on tissue)

INTRACELLULAR

6.51-7.29 [29,30]

LETHAL EXTREMES <6.0 [31] and?
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Chapter 13.3

CLINICAL ACID-BASE DISORDERS

This is chapter provides a detailed discussion of the clinical effects of common acid
base disorders encountered by the physician. It contains little discussion on the
pathophysiology of these disorders as this is more than adequately covered in other texts.
The physiological changes decribed are the unmodified changes produced by these disor
ders, and as such are not always observed. For this reason, the chapter on factors modify
ing the manifestations of acid-base disorders has preceded this chapter, and this chapter
should be read in conjunction with the preceding chapter [chapter 13.2].

CAUSES OF ACID-BASE DISORDERS
1. Respiratory alkalosis.

This is due to a reduction of the PC02 secondary to increased alveolar ventilation
relative to the carbon dioxide production of the body. The PACO2 is related to the alveolar
ventilation by the formula below (equation 1).

100 x VC02(I/mln)
PAC02(kPa) = (1)

VA(I/min)

Causes of alveolar hyperventilation range from;

- hypoxaemia,
- central nervous system damage,
- hypermetabolism, e.g. fever, hyperthyroidism,
- renal or hepatic failure,
- intoxications, e.g. salicylates,
- to hypoventilation during controlled ventilation.

2. Respiratory acidosis.
This is the reverse of respiratory alkalosis and is due to alveolar hypoventilation rela

tive to the rate of carbon dioxide production [see equation 1above]. The causes of alveolar
hypoventilation vary from;

- restriction of respiratory excursion due to pain, e.g. upper abdominal surgery.
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- drugs, e.g. muscle relaxants, barbiturates, benzodiazepines, and opiates.
- respiratory diseases, usually chronic obstructive airways disease.
- neuromuscular diseases, e.g. muscular dystrophies, myasthenia gravis, etc,
- severe electrolyte disorders, e.g. hyper- and hypokalaemia, hypercalcaemia,
- hypoventilation during controlled respiration.

3. Metabolic acidosis.
This may be due to excessive ingestion or administration of acids, retention of

hydrogen ion (H+), or loss of bicarbonate ion (HC03-).

a. Excessive H+ intake or production.
- Severe hypoxia which causes increased lactic acid production.
- Circulatory shock which also causes a lactic acidosis.
- Ketoacidosis.
- Lactic acidosis secondary to biguanide ingestion, e.g. phenformin.
- Intoxications, e.g. salicylates, methanol, paraldehyde.

b. Failure ofH+ excretion.
- Drugs ,e.g. acetazolamide.
- Renal failure or renal tubular acidosis.

c. Excessive HCOJ-Iosses.
This usually onlyoccurs as a result ofexcessivegastrointestinal orurinary losses.These

are the two principal routes ofloss of HC03- apart from the lungs [see table 13.3.1].

- Gastrointestinal losses, e.g. vomiting, gastric drainage, intestinal fistulae, cholestyramine
therapy.
- Renal losses, e.g. due to renal failure and renal tubular acidosis.

4. Metabolic alkalosis.
Metabolic alkalosis is a surprisingly common disorder. In one study of hospitalized

patients, metabolic alkalosis occurred in 51.1% of patients with an abnormal acid-base
status (N = 743 patients), and in this group about 70% had a pure metabolic alkalosis [3].
There are a relatively large number of causes of this common and troublesome disorder.

a. Excessive H+ losses.
- Gastric losses, e.g. protracted vomiting, excessive gastric drainage through a gastric tube.
- Hypokalaemia. This increases renal excretion of H +.

b. Excessive loss of Cr.
- Gastric losses, e.g. protracted vomiting or gastric drainage.
- Diuretic drugs. Diuretics which primarily act by blocking the sodium-potassium-chloride
(Na-K-2Cl) transport system of the loops of Henle increase cr excretion, to a greater de
gree than they do the excretion rates of sodium or potassium ions. The deficiency ofanions
is replaced by HC03-, which causes an alkalosis. The diuretics of this type that are most
commonlyused are bumetanide, frusemide and ethacrynic acid. Thiazide diuretics may also
cause a slight alkalosis by increasing cr excretion too.
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Table 13.3.1.
HC03-,pH,O-,andK+ concentrations inmmol/lofvarious fluids. [1,2].

Fluid pH cr

Gastric 6.4-16.6 1.9-2.6 78-159 0
Pancreatic 4.1-5.5 7.5-8.8 4-129 25-150
Bile 2.6-12 5.6-8 89-118 30
Ileal fistula 9.3 ? ? ?
Faeces 3.3-19.3 5.6-8.5 0.5-3.0 <30
Diarrhoea 30 ? 0 20-80
Urine 17-40 4.8-7.5 50-100 0

c. Excessive administration ofHC03-.
Excessive quantities of HC03- may be administered during cardiopulmonary resus

citation, during correction of an acidaemia, or as an attempt to correct acidosis due to mas
sive blood transfusion.

HC03- is usually administered as an 8.4% solution ofthe sodiumsalt (NaHC03). This
contains 1 mmol of NaHC03 per mI, and as such is a very hypertonic solution with an os
molality of 1000 mosrn/l, (normal plasma osmolality is in the range 275-285 mosrn/l). Large
quantities of 8.4% NaHC03 solution will cause hypervolaemia in addition to an alkalosis.
A further problem is that administration of NaHC03 increases carbon dioxide production.
The mechanism of the latter is simple. The reaction forming carbonic acid is left-shifted by
elevation of the HC03- concentration, and more carbon dioxide is formed. This effect is
only of short duration, the extra carbon dioxide produced being eliminated through the
lungs within 5 minutes after discontinuation of a rapid infusion of a NaHC03 solution in
spontaneously breathing humans [4]. But the extra carbon dioxide produced will not be so
rapidly eliminated in patients whose ventilation is controlled, and in such cases may actual
ly exacerbate an existing intracellular acidosis, due to rapid intracellular diffusion of the
carbon dioxide produced.

d. Administration of sodium lactate or citrate.
Administration of both sodium lactate or citrate causes an alkalosis. Both citrate and

lactate are metabolized faster than the sodium is excreted in the urine. The resulting anion
deficiency is made up by HC03-, and an alkalosis occurs. This effect is further exacerbated
and prolonged by the sodium retention occurring as a result of trauma, surgery and major
disease.

Lactic and citric acids do not cause an alkalosis as they are not salts of a metal, and
the two acids are metabolized to water and carbon dioxide only.
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Both sodium lactate and citrate are commonly administered during the perioperative
period, and for resuscitation of shocked patients. The two most common fluids in which
they are found are blood and lactated Ringer's solution (Hartmann's solution.

i. Blood.
2.5 gm (10.6 mmols), of disodium citrate are present in every 500 mls of blood

preserved with the common Acid-Citrate-Oextrose (ACO) anticoagulant. An equivalent
amount is present in Citrate-Phosphate-Oextrose (CPO) blood.

ii. Ringer's loctate (Hartmann's solution).
29 mmols of sodium lactate are present in every liter of lactated Ringer's solution

(Hartmann's solution).

The distribution volume ofbicarbonate ion in the body is about 300-333 mlsIkg body
weight [4]. Taking an "average" 70 kg adult, this means a distribution volume of about 21
liters. From this it may be readily appreciated that 500 mls of ACO anticoagulated blood,
or 1000 mls of lactated Ringer's solution is all that is required to elevate the plasma bicar
bonate concentration by about 1 mmol/l. Use of larger quantities of these fluids alone or
together will have an even greater effect. Indeed, clinical studies ofseverely ill alkalotic sur
gical patients have shown that infusion of more than 1-2 liters of these fluids can cause a
significant metabolic alkalosis [27]. Metabolic alkalosis also occurs quite commonly after
cardiac operations when a lactated Ringer solution + ACO blood is used as apriming solu
tion in the cardiopulmonary bypass pump and oxygenator. Metabolic alkalosis in these
patients is exacerbated and prolonged in the postoperative period by the sodium retention
and increased potassium excretion occurring in the first few days [5].

PROBLEMS AND MANIFESTATIONS
The clinical effects of acid-base disorders are caused by changes of cellular function

induced by changes of intracellular as well as extracellular hydrogen ion concentration. In
tracellular pH is directly related to the extracellular pH, but is constant when the extracel
lular pH is in the range 7.2-7.5, because of a variety ofefficient intracellular buffer systems
[6,7]. Only when the extracellular fluid or plasma pH is greater than 7.5, or less than 7.2,
does the intracellular pH change, and significant alterations of systemic physiology occur.

It is not only the magnitude of an acid-base disturbance that affects the clinical
manifestations, but also the rate of onset of the disorder. Some degree ofcompensation al
ways occurs during the onset of slowly developing acid-base disorders, and this minimizes
any clinical manifestations. This is not the casewith rapidly developing disturbances ofacid
base balance, because not enough time will have elapsed for any significant compensation
to have occurred.

The clinical manifestations of acidosis and alkalosis will now be discussed in some
detail. Effects of factors which modify these responses have been discussed in chapter 13.2.

1. Metabolism.
Canine [8,9] and human [10,11] investigations have shown that alkalosis increases

oxygen consumption for any given level of work performed. The percentage increase of
oxygen consumption is quite considerable in dogs, being given by equation 2 below for the
pH range 6.9-7.7 [9].
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FIGURE 13.3.1. - The relative effects of extracellular pH on the rate of lactate production in
rat diaphragm in-vitro under both aerobic and anaerobic conditions. The reference point ••• is
the normal rate oflactate synthesis under aerobic conditions at a pH of7.4, and this is given a rate
of1 [12].

V02(%) =90 X pHa • 551 (2)

V02 (%) = Oxygen consumption as percentage of the normal oxygen consumption rate
(100% = normal rate).
pHa = pH of arterial blood.

This means that total body oxygen consumption in dogs increases by about 9% per 0.1
unit increase of pH above 7.4 and decreases by the same amount per 0.1 unit decrease of
pH. Alterations of oxygen consumption due to alterations ofacid-base status have not been
extensively studied in humans, although it has been found that alkalosis does increase
human cerebral oxygen consumption [10,11], but not to the same degree as in dogs. This
effect is obviously ofgreat clinical importance in critically ill alkalaemic patients [see chap
ter 13.2].

Increased oxygen consumption may be caused by the effects of the acid-base disor
ders on intracellular metabolism. One of the more prominent, and best investigated effects
is that on lactate production. Acidosis decreases tissue lactate production and alkalosis in
creases it, while hypoxia increases lactate production at all levels ofpH [12, see fig. 13.3.1].



488 Chapter 13.3

Increased lactate production due to alkalosis is the result of an increase in the rate of
pyruvate synthesis by the glycolytic Embden-Meyerhof pathway, the rate of which is in
creased in alkalosis and decreased by acidosis [12]. As not all of the pyruvate that is syn
thesized can enter the citric-acid cycle, the remainder is metabolized by lactate
dehydrogenase to lactic acid, and so the lactate production is increased.

The rate of lactate synthesis in humans is also increased by alkalosis [10,11]. But
despite the increased rate of glycolysis and other changes in glucose metabolism during
alkalosis [12], no hypoglycaemia occurs in humans even at an arterial pH of 7.79 [11].

2. Effects on the central nervous system (CNS).
Acid-base disorders can affect the function of the CNS, the main effects being related

to disturbances of consciousness.
Both respiratory [13] and metabolic [14] changes of blood acid-base status cause

simultaneous changes in the pH ofthe cerebral interstitial fluid, but not in the cerebrospinal
fluid [14]. This accounts for the rapid changes ofalveolar ventilation as a result of acute al
terations of blood pH, as the brainstem chemoreceptors are located within the medulla,
and are therefore not directly affected by the cerebrospinal fluid [see chapter 4.5].

Respiratory acid-base disorders have a more pronounced effect on both the cerebral
circulation and level of consciousness than do the metabolic acid-base disorders, but the
effects are essentially similar. The reason for this is that carbon dioxide can diffuse into and
out of the brain cells very rapidly, ,while this is not true of many other acids or bases. Be
cause of this a measure of compensation has usually occurred by the time that a metabolic
acid-base disorder has achieved a new steady state. Altered eNS function due to acid base
disorders is discussed more fully in chapter 8.1.

3. Effects on the sympatho-adrenal system.
Both acidosis and alkalosis affect the plasma catecholamine concentrations.

a. Acidosis.
Acidosis increases plasma catecholamine concentrations by increasing catecholamine

secretion from sympathetic nerve terminals [15] and the adrenal medullae [16] by a direct
effect on these. In addition to this effect it also causes a central nervous system mediated
elevation of sympatho-adrenal activity [17].

b. Alkalosis.
Alkalosis has the reverse effects ofacidosis, decreasing sympatho-adrenal responsive

ness, so reducing the elevation of plasma catecholamines in response to stimuli such as
haemorrhage [18,19].

Elevation ofsympathoadrenal activity is vital in the maintenance ofadequate systemic
haemodynamic function during hypovolaemia or conditions where the cardiac output is
depressed, e.g. anaesthesia, heart failure, severe coronary vascular diseases, valvular disor
ders, B-blockers etc. Correction of acidosis under these circumstances may cause severe
hypotension due to a lowering of the catecholamine concentrations and sympathetic nerv
ous activity [see cardiovascular responses].
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4. Altered neuromuscular function.
Acid-base disorders also have an effect on neuromuscular function, and accordingly

also on the action of neuromuscular junction blocking drugs.

a. Alkalosis.
Respiratory alkalosis may induce tetanywhen the PaC02falls below 4kPa (30 mmHg)

[47]. While this effect is related to the pH caused reduction of ionized calcium concentra
tion, the hypocalcaemic effect of increased pH alone is usually not sufficient. Tetany and
carpopedal spasm are more likely if the person is already hypocalcaemic [48]. In addition
to increasing neuromuscular irritability, respiratory alkalosis also increases skeletal muscle
twitch tension in response to peripheral nerve stimulation [49].

The effects of metabolic alkalosis have not been as extensively investigated.

b. Acidosis.
Extremes of acidosis may induce skeletal muscle weakness. Certainly, respiratory

acidosis does reduce skeletal muscle twitch tension in response to peripheral nerve stimula
tion [49].

c. Acid-base disorders and muscle relaxants.
The reported effects ofacidosis and alkalosis on the effects ofnondepolarizingmuscle

relaxants are minor, and vary from one relaxant to another. Nondepolarizing muscle
relaxants are highly ionized drugs, (see appendix-A), and their degree of ionization and
protein binding are not significantly affected by pH changes occurring in ranges ofpH com
patible with life. It is quite likely that the effects of any acid-base disorder on the action of
these drugs is negligible, most of any reported effect being due to the effects of acid-base
disorders on neuromuscular junction function.

5. Altered responsiveness to catecholamlnes.
The responsiveness to catecholamines is altered by the acid-base disorders.

a. Acidosis.
The myocardial contractile response to adrenaline [20], but not to isoprenaline [21]

is reduced. Peripheral vascular responses to adrenaline [20] and isoprenaline [21] are
reduced if the plasma pH is less than 7.2.

b. Alkalosis.
Alkalosis appears to have no effect on the cardiac or peripheral vascular responses to

catecholamines such as dopamine, isoprenaline, and adrenaline [22].

6. Alterations of potassium concentration.
Respiratory acidosis elevates [23], and respiratory alkalosis decreases [24] the plasma

potassium concentration. The change due to either hyper-or hypocapnia is ofthe same mag
nitude, being about 0.375-0.39 mmol/1 per 1kPa change ofPaC02 (0.5-0.52 mmol/1 per 10
mmHg change OfPaC02).

However metabolic acid-base disorders are not necessarily associatedwith alterations
of the plasma potassium concentration. Human metabolic acidosis does not necessarily
cause hyperkalaemia as is well demonstrated by the absence of hyperkalaemia during lac-



490 Chapter 13.3

tic acidosis secondary to epilepsy caused hypoxaemia [25,26], and other causes of lactic
acidosis, such as diabetic ketoacidosis [26].

Hypokalaemia in sick surgical patients is unrelated to alkalaemia [27], except in those
patients whose alkalosis is due to excessive vomiting or gastric drainage, as gastric fluid has
a relatively high potassium concentration.

7. Cardiovascular responses.
a. Cardiac rhythm.

Abnormalities of cardiac rhythm are known to occur during acid-base disorders. The
causes vary with the nature of the disorder.

i. Acidosis.
During acidosis the rate of rise of the cardiac cellular membrane action potential is

slowed, and as a result the intracardiac conduction velocity of pacemaker activity is also
slowed along the intracardiac conduction systems [28]. Slowing of the cardiac rate by this
mechanism increases the chance of spontaneous non-pacemaker activity which can initiate
cardiac arrhythmias. Duringacidosis the heart develops a greater degree ofbradycardia and
longer asystolic periods in response to a given level ofvagal stimulation, an effect which is
exacerbated by hypoxaemia [29]. These effects of acidosis on the myocardium are exacer
bated by other effects of acidosis such as;

• hyperkalaemia due to acidosis,
• increased plasma catecholamine concentrations due to acidosis,
• increased sympathetic nervous stimulation due to acidosis,
• associated myocardial hypoxia due to the cause of the acidosis.

ii. Alkalosis.
Alkalosis may also cause cardiac arrhythmias. The effects of alkalosis on the cardiac

action potential are the reverse ofthose of acidosis, but are much less in degree and are un
related to the severity of alkalosis [28]. Alkalosis does however reduce the effects of vagal
stimulation, the duration of asystole and the level of bradycardia occurring in response to
a given level of stimulation being much less than that occurring at a normal pH [29]. Other
cardiac arrhythmias that occur during alkalosis are likely due to a combination of factors
such as are listed below.

• Hypokalaemia due to alkalosis, especially respiratory.
• Myocardial or cerebral hypoxia secondary to reduced oxygen transport, and

increased oxygen requirement resulting from alkalosis.

iii. Ventricular fibrillation threshold.
Ventricular fibrillation is one of,the arrhythmias that may occur as a result of acid

base disorders. Canine experimental work has shown that the threshold to electrically in
duced ventricular fibrillation is decreased by metabolic acidosis, and elevated by metabo
lic alkalosis. But neither respiratory acidosis nor alkalosis have any effect on the ventricu
lar fibrillation threshold, which remains the same as for dogs with a normal blood pH [30].
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b. Cardiac perfonnance.
Cardiac performance may be markedly affected by acid-base disorders, but the effect

depends on a number of factors which have already been discussed above, as well as the
direct effects of the disorder on the myocardium itself.

i. Direct effects on myocardium.
Acidosis reduces myocardial contractility directly by affecting intracellular calcium

ion (Ca2+) activi~and concentration. Calcium influx is reduced, decreasing the amount of
intracellular Ca2

-f available for muscle contraction and generation ofener~ [32]. In addi
tion to this, a reduction of the intracellular pH decreases the binding of Ca + to troponin,
a process that is essential for contraction ofmyocardial muscle cells [31]. In-vitro investiga
tions on strips ofmyocardium, as well as onheart lungpreparations have shownthat acidosis
depresses myocardial contractility and cardiac output to a degree that is directly related to
the decrease ofpH [32,33,34,37]. Acidosis induced depression of the cardiac output of iso
lated heart preparations begins to be significant when the extracellular pH drops below 7.2
[33].

The direct effect of alkalosis on the myocardium is minimal. The contractility or car
diac output in heart lung preparations, or of isolated myocardial strips is either unchanged
or slightly increased from that measured at normal pH, even when the extracellular fluid
pH is increased to as much as 7.9 [33,35,36].

ii. Sympathoadrenal response.
The sympatho-adrenal response to acidosis is the most important factor in the main

tenance of systemic haemodynamics during acidosis. If this response is blocked [34,38], or
does not occur [33], then cardiac output begins to fall significantly at a lesser degree of
acidosis than if it were present and effective [33,38].

Because of the sympatho-adrenal response, systemic haemodynamic performance in
humans is well maintained during respiratory acidosis [25,39], even at PaC02levels as high
as 33.3 kPa (250 mmHg) and an arterial pH of 6.72 [39]. In fact hypercarbia in healthy non
hypoxic humans is always associated with an elevation ofthe cardiac output and blood pres
sure, and reduction of the systemic vascular resistance in direct proportion to the degree of
hypercarbia [41].

Respiratory alkalosis is associated with maintenance ofnormal haemodynamics, even
when the PaC02 is as low as 1.34 kPa (10.1 mmHg) and the arterial pH is 7.76 [40]. The
same is also true of combined respiratory and metabolic alkalosis to an arterial pH of 7.79
[40].

iii. Other effects ofacid-base disorders on the heart.
Other factors also significantly modify cardiovascular responses to acid-base disor

ders in sick patients. These are listed below and have already been discussed in chapter 13.2.

• The elderly have a lower cardiac output than younger persons.
• Increased sympatho-adrenal activity due to acidosis.
• Hyper- or hypokalaemia.
• Altered extracellular ionized calcium concentration [see chapter 12.5].
• Changes of systemic vascular resistance.
• Normo- or hypovolaemia.
• Normal oxygenation or hypoxia.
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• Cardiac disease, e.g. coronary vascular, valvular etc.
• Drugs, e.g. B-blockers, verapamil, etc.

c. Peripheral vascular responses.
Respiratory acidosis decreases the systemic vascular resistance in direct proportion

to the elevation of the PaC02 [41,42]. Respiratory alkalosis has minimal effects on the sys
temic vascular resistance, the systemic vascular resistance remaining unchanged [42], or
decreasing slightly [43].

Metabolic acidosis changes the systemic vascular resistance minimally unless the car
diac output also changes, while metabolic alkalosis reduces the systemic vascular resistance
[42].

d. General.
It is obvious from the above discussion that cardiovascular collapse as a result ofacid

base disorders only occurs in humans as a result of the combination of the acid-base disor
der with one or more other disturbances. This has already been discussed in chapter 13.2.
In anaesthetic practice there are several situations in which hypotension or a low cardiac
output occur as a result of acid-base disturbances.

i. The blood pressure of an acidotic hypovolaemic patient may be normal because of the
acidosis caused potentiation ofthe normal sympatho-adrenal response to hypovolaemia.
Hyperventilation during controlledventilation, or administration ofsodiumbicarbonate
may cause hypotension because of the reduction of catecholamine release and sym
pathetic nervous activity that acidosis causes. Accordingly alkalosis is likely to exacer
bate the reduction of cardiac output due to hypovolaemia.

ii. All patients taking B-adrenergic, other sympathetic nervous system blocking drugs, or
with deficient baroretlexes, will develop hypotension or a reduction of the cardiac out
put at a higher pH during acidosis than a healthy person.

8. Respiratory problems.
These have been discussed in chapter 13.2. A summary of these effects is given.

a. Alkalosis.
The effect of severe alkalosis is to impair tissue oxygenation. It does so by a number

of mechanisms.

• Depressing respiration in spontaneously breathing patients with metabolic
alkalosis. This may cause significant elevation of the PaC02 which may increase
as high as 8.8 kPa (66 mmHg) [46].

• Increasing oxygen consumption, especially dangerous in those with impaired
oxygenation [see above and chapter 13.2].

• Decreasing the rate of erythrocyte deoxygenation [see chapter 13.2].
• Left-shifting of the oxyhaemoglobin dissociation curve which necessitates a high

Pa02 in order that tissue oxygenation be maintained [see chapters 4.1, 4.3, 5.1,
and 13.2].
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b. Acidosis.
This has the reverse effects to those of alkalosis. In general the effect is to increase

tissue oxygenation for a given Pa02 [see chapter 13.2].

9. Altered drug effects.
Acid-base disorders may affect the action ofmany drugs used in anaesthesia by anum

ber of mechanisms.

a. Altered pharmacokinetics.
Elevation or reduction of the cardiac output decreases or increases the elimination

half lives of drugs respectively [see chapter 15.2].

b. Altered protein binding.
Many drugs are bound to proteins in the plasma and extracellular fluid to varying

degrees. Most proteins are negatively charged at all levels ofpH above 5.0, and are increas
ingly more negatively charged as the pH increases above this level.

Acidic drugs are less protein bound during alkalosis, but the reverse may be expected
for basic drugs. The only acidic drugs at present used in anaesthetic practice are the bar
biturates, all the rest being bases. Indeed, hyperventilation does potentiate the effects of
the barbiturates, but whether it is actually due to a reduction of protein binding is uncer
tain.

Increased protein binding of ionized basic drugs may be expected to occur during
acidosis. This reduces the amount of active drug penetrating any target organ.

c. Altered degree of ionization.
Basic drugs are less ionized during alkalosis, and more ionized during acidosis. This

affects the penetration of drugs into target organs. Ionized drugs cannot diffuse across
biological membranes, only the non-ionized form is able to do so. This has a number of im
portant consequences for anaesthesia. Some examples are given below.

• Local anaesthetic drugs must diffuse through the nerve cell membrane and enter
the axon in order to block the sodium channels on the inside of the axon memb
rane. Only the non-ionized form of the drug can cross the cell membrane.
Acidosis, by increasing the proportion of ionized drug, reduces the amount avail
able to diffuse through nerve cell membrane, and so decreases the rate of onset
and magnitude of effect of these drugs.

• Opiates are also basic drugs. Respiratory alkalosis increases, and acidosis
decreases, the brain concentrations ofboth morphine [45] and fentanyl [44] rela
tive to plasma. The effects of opiates and other centrally acting basic drugs are
likely to be potentiated by alkalosis, and inhibited by acidosis. Hyperventilation
during general anaesthesia is likely to potentiate the effects ofagiven dose ofmost
opiates.

• The effects of muscle relaxants are not likely to be affected by changes of ioniza
tion induced by acid-base disorders, as their degree of ionization is so great that
changes ofpH in the pH ranges compatible with life do not significantly alter their
degree of ionization. However their availability may be affected by changes in
protein binding due to acid-base disorders.
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Table 13.3.2.
Thresholds for initiation of therapy in acid-base disorders.

PARAMETER ACIDOSIS ALKALOSIS

pH <7.2 >7.5

Base excess <-10 > +10

Venous P02 < =2.7 kPa < =2.7 kPa
(20 mmHg) (20 mmHg)

Arterial S02(%) Not critical <90%

[Hb] <6 mmol/I <6 mmol/l
(10 gm/100 mls) (10 gm/100 mls)

Hypotension Treat acid- Treat acid-
+1- low cardiac base disorder base disorder
output

INDICATIONS FOR THERAPY OF ACID-BASE DISORDERS
The question in the mind of the clinician on diagnosing an acid-base disorder is the

point at which a given disorder is significant enough to require therapy. This has been
touched upon in the last two chapters, and will be discussed in more detail below. Table
13.3.2 shows the thresholds for therapy of acid-base disorders.

1. pH.
Intracellular pH is well buffered and does not change when the extracellularpH is be

tween 7.2-7.5 [6,7]. Below and above this range significant physiological changes occur due
to altered cellular metabolic function, especially in those whose clinical condition is poor
[see above and chapter 13.2].

An acid-base disorder should be corrected ifthe extracellular pH is above 7.5 or below
7.2.

2. Base excess.
The base excess is a measure of the excess concentration of the anion causing an acid

base disorder [see chapter 13.1 for definition]. An abnormal base excess is an indication of
an abnormal extracellular and intracellular chemical environment, regardless of whether
the pH is normal or not. This has clinical significance.
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For example, a metabolic acidosis may be corrected by hyperventilation, but the base
deficit remains. An example of the importance of this concept is the effect of metabolic
acidosis on cardiac ventricular fibrillation threshold. Metabolic acidosis decreases the
ventricular fibrillation threshold of the heart, and the fibrillation threshold remains
decreased, even if the pH is returned to normal by induction of respiratory alkalosis. Only
reduction of the base-excess to normal reverses the decreased ventricular fibrillation
threshold [30].

A clinically usable threshold at which to correct an acid-base disorder is if the base
excess is lower than -10 or greater than +10.

3. Mixed venous P02 < =2.67 kPa (20 mmHg).
If the mixed venous P02 is < = 2.67 kPa (20 mmHg), then the chance of tissue, and

especially cerebral hypoxia is high [see 13.2]. Tissue hypoxia will occur at a venous P02 of
less than this regardless ofwhat the acid-base status is. Such levels of hypoxaemia are more
likely to be survived by an acidaemic, rather than an alkalaemic patient [see chapter 13.2].
The level of oxygenation of the blood should be increased regardless of the acid-base
balance, and if the patient is even slightly alkalotic, the alkalosis should be corrected,
preferably with induction of a slight acidosis.

4. Arterial haemoglobin oxygen saturation < 90%.
Severelyalkalaemicpatients, especially thosewith arelatively low cardiac output, may

develop tissue hypoxia even when the arterial haemoglobin oxygen saturation is normal.
This is not the case with acidaemic patients [see chapter 13.2].

Alkalosis, but not necessarily acidosis, shouldbe corrected ifthe arterial haemoglobin
oxygen saturation is less than 90%.

5. Haemoglobin < =6 mmol/I (10 gm/100 mls).
Haemoglobin is essential for oxygen transport, and this is reduced in anaemic patients.

Alkalosis further reduces transfer ofoxygen to tissues, in addition to increasing oxygen con
sumption. Because of this, tissue hypoxia may occur in normoxaemic but anaemic alkalae
mic patients. Tissue hypoxia is less likely in acidaemic patients [see chapter 13.2].

a. Anaemia & alkalosis.
Inpatients with apH > 7.5, plus signs oftissue hypoxia, as well as significant anaemia,

i.e. [Hb] < 6 mmol/l, alkalosis should be corrected simultaneously with administration of
blood. If blood is not available, treatment of the alkalosis will allieviate tissue hypoxia to
some degree.

b. Anaemia & acidosis.
Acidosis maintains tissue oxygenation in the face of a low CO x [Hb] product [see

chapter 13.2. First correct anaemia, and only then correct the acidosis if this is required.

6. Hypotension and/or low cardiac output.
Acidosis and alkalosis may both cause hypotension or depress the cardiac output [see

above and chapter 13.2]. Ifeither hypotension or a low cardiac output occurs in association
with an acid-base disorder, then the acid-base disorder should be treated as well as the
specific haemodynamic disorder itself.
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MANAGEMENT OF SPECIFIC ACID-BASE DISORDERS
1. Respiratory acidosis.
a. Respiratory acidosis occurring during controlled ventilation.

Treatment is simple, consisting of increasing the respiratory minute volume.

b. Respiratory acidosis occurring during spontaneous respiration.
i. Treat the cause of the respiratory depression. For example, antagonize the effects of
opiates, discontinue administration of respiratory depressant drugs, e.g. barbiturates,
benzodiazepines, etc. Other causes of respiratory depression should also be treated, e.g.
chronic obstructive airways disease.

ii. As a general measure respiratory stimulant drugs may be administered to all patients
with respiratory depression regardless of the cause, e.g. doxapram, nikethamide.

iii. Endotracheal intubation and controlled ventilation may be required. Caution should be
used when starting controlled ventilation in patients with chronic respiratory acidosis, as
the PCOz should be reduced slowly. Acidosis elevates sympathoadrenal activity and plas
ma catecholamine concentrations. Acidosis facilitates transfer ofoxygen to tissues from the
blood, and the effects on the sympathoadrenal system elevates the cardiac output. Sudden
elevation of the pH reverses these changes, decreasing sympathoadrenal activity, plasma
catecholamine concentrations, cardiac output, and oxygen transfer to tissues. The effect of
this is to cause hypotension. In addition to this, severe neurological disorders such as coma
and convulsions have been reported to occur after rapid reduction of the PCOz in chroni
cally hypercarbic patients [49,50].

2. Respiratory alkalosis.
The therapy of respiratory alkalosis is to treat the cause. Acute therapy of respiratory

alkalosis itselfconsists of avariety ofmanoeuvres to reduce the respiratory minute volume,
or add some dead space to the tidal volume so as to reduce the alveolar ventilation.

a. Reduce the respiratory minute volume of patients whose ventilation is controlled.
b. Add a piece of"dead-space" tubing to the ventilator tubing of apatient whose ventilation

is controlled.
c. Patients with psychogenic hyperventilation can be requested to rebreathe in a paper or

plastic bag.

3. Metabolic acidosis.
The goal of therapy is to raise the arterial pH to more than 7.2 and the base excess to

more than -10 mmoVI. One complication ofa normalization ofpH is a reduction ofthe plas
ma potassium concentration. This latter is likely to have a greater effect in acidotic patients
who are already hypokalaemic. Hypokalaemia may combine with acidosis to cause cardiac
arrhythmias.

While metabolic acidosis may be corrected to some degree by induction of respira
tory alkalosis in patients whose ventilation is controlled, the principal form of therapy is in
travenous administration of sodium bicarbonate. The dosage of sodium bicarbonate re
quired may be calculated by the well known formula below (equation 3). Equation 3 as
sumes a bicarbonate distribution volume of 300-333 ml/kg body weight.
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Dose HC03- = BE xWEIGHT

3
...........(3)

Dose HC03- = total quantity ofbicarbonate required to correct a given whole body base
deficit in mmol.
BE = base excess in mmol/l.
WEIGHT = body weight in kg.

The usual solution ofsodium bicarbonate that is used is an 8.4% solution, which con
tains HC03- at a concentration of 1 mmoVml. Some of the disadvantages associated with
the use of this solution have been discussed earlier in this chapter.

Only 50-75% of the calculated dose should be administered initially, so that the
acidosis is never fully corrected. This is because ofall the problems associated with alkalosis
which may be induced by too large a dose, and also due to the possibility of hypervolaemia
due to excessive volumes of this very hyperosmolar fluid (1000 mosm/l).

4. Metabolic alkalosis.
The aim of therapy when correcting metabolic alkalosis is to slightly overcorrect, or

at least reduce the pH to less than 7.45, and the base excess to less than +10 mmol/l.

a. Hypokalaemia and alkalosis.
Hypokalaemia itself causes alkalosis by increasing renal hydrogen ion excretion, and

should always be corrected simultaneously with the correction of alkalosis. Potassium
chloride (KCl) is the best potassium salt to use for this purpose [see chapter 12.3 for a dis
cussion of potassium replacement].

b. Hypochloraemic alkalosis.
A sodium chloride solution e.g. 0.9% NaCl, should be infused to replace both the lost

chloride ion as well as correct the hypovolaemia often associated with this form ofalkalosis,
e.g. the alkalosis due to protracted vomiting such as due to pyloric stenosis, or excessive
gastric drainage. Potassium replacement may also be required. The effect of treatment is
monitored by regular measurement of the arterial blood gas status, as well as of the plasma
potassium, sodium and chloride concentrations.

c. Acetazolamide.
Acetazolamide administered intravenously at a dosage of2.5-5 mgtkg (200-500 mgl70

kg) two to three times per day to adults is effective in preventing alkalosis occurring after
major operations [5,54], as well as for treatment of existing metabolic alkalosiss. It corrects
and prevents metabolic alkalosis by blocking renal tubular carbonic anhydrase as well as
increasing urine production. The effect of acetazolamide at the above dosage in normal
post-surgical patients is to cause the renal excretion of bicarbonate ion to increase up to
350 times normal [51,54]. This increases [H +] relative to [HC030], correcting any alkalosis.
However adequate renal tubular function is essential in order for acetazolamide to be ef
fective in reversing alkalosis.

Infusion of sodium chloride solutions is contraindicated in patients who are
oedematous or hypervolaemic, as they will exacerbate interstitial oedema. But
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acetazolamide is a diuretic, and so reduces any oedema and hypervolaemia, making it the
treatment of choice in these patients.

d. Hydrochloric acid (Hel) infusion.
Should any of the above therapies be contraindicated or unsuccessful, then infusion

of an HCI solution is indicated. This is a very effective method ofcorrection of all forms of
metabolic alkalosis. But as HCI solutions readily cause tissue damage because HCI is a
strong acid. Accordingly HCI should only be infused through a properly situated central
venous line. The dose may be calculated using either equation 4 or 5 below [references 52
and 53 respectively].

BE xWEIGHT
DoseHCI = (4)

3

WEIGHT
DOseHCI = x (103 - [CIl) (5)

5

DoseHCI = quantity of HCI required to correct the alkalosis in mmol.
BE = base excess in mmoVl.
WEIGHT = body weight ofpatient in kg.
[Cn = plasma chloride concentration in mmol/1.

HCI may be administered mixed with a 5% glucose or 0.9% NaCI solution, made up
to a concentration that varies from one author to another from 0.1-1.0 mol/1 [52,53]. Initial
ly about only one half of the calculated dose should be infused, and subsequently the acid
base status determined. Ifnecessary, more may then be infused. The dose calculated should
be infused slowly over a 6-12 hour period to minimize the chance of thrombopWebitis.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Ifpossible, any existing acid-base disorder should be corrected prior to surgery, as this
minimizes the chances of any further perioperative exacerbation of existing problems.
However this is not always possible, as many patients with a significant acid-base disorder
are very ill and surgery cannot be delayed. The only category of patients who do benefit
from delay and correction of their acid-base disorder are those with metabolic alkalosis
secondary to protracted vomiting, excessive nasogastric suction, or diuretic use. These
patients are both alkalotic as well as hypovolaemic, especially those with pyloric stenosis.

2. No preoperative sedative or anticholinergic drugs should be administered unless re
quired, as these patients are by virtue of their disease(s) in an unstable physiological con
dition which may be exacerbated by any of these drugs.
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"naesthesla.
I. As far as is possible, begin therapy of the acid-base disorder preoperatively so as to min
lnize any intraoperative and postoperative problems due to acidosis or alkalosis.

~. There is no particular form or type of anaesthesia that is preferable or especially indi
:ated for patients with acid-base disorders. Anaesthesia should be administered in accord
IDce with the clinical condition of the patient and the type of surgery planned. There are
really only a few specific anaesthetic considerations.

11. The acidotic patient is likely to be less sensitive, and the alkalotic patient more sensitive
to the central nervous system effects of opiate and sedative drugs.

b. The effects of nondepolarizing muscle relaxant drugs may be potentiated by acidosis.
c. Excessive hyperventilation should be avoided in patients whose ventilation is controlled

as this will exacerbate any existing alkalosis.
:l. Lactated Ringer's solution should not be administered to alkalotic patients as it will fur

ther exacerbate any alkalosis. Instead use a 0.9% NaCI for the same indications as lac
tated Ringer's solution would be used.

Postoperative.
The level of postoperative care required depends on the clinical condition of the

patient.
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Part 14

PERIOPERATIVE FLUID & TRANSFUSION THERAPY

Intravenous fluid and transfusion therapy play an important role in modem perioper
ative patient management. The reasons are simple.

• Maintenance of a normal blood volume and haemoglobin concentration ensures
a normal cardiac output and normal peripheral oxygen transport.

• Maintenance of a normal cardiac output and interstitial fluid volumes means that
transfer of oxygen from the alveoli to the blood is normal, and that transfer of
oxygen from the blood into the cells is also normal.

• Maintenance ofnormal intracellular and extracellular fluid volumes and composi
tions means that the chemical environments within which the sum total of all
biochemical reactions that are required for physiological function are maintained
as near normal as possible.

The purpose of this section is to provide a review of the basic physiology of fluid
balance and exchange, and a logical and simple approach to the assessment and practical
fluid therapy of perioperative patients. Simple easily applied clinical guidelines are also
provided.
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Chapter 14.1

NORMAL FLUID AND ELECTROLYTE DISTRIBUTION

Prior to any discussion of fluid and electrolyte balance it is essential to define some
physicochemical concepts, and the various fluid compartments together with their volumes
and electrolyte compositions. This chapter also discusses the basicphysiology of transcapil
lary fluid exchange.

BASIC PHYSICAL CHEMICAL CONSIDERATIONS
1.0smole.

The osmotic force able to be exerted by a substance is related to the molecular or
atomic particular concentration of that substance. One mole of a molecule or ion has a
concentration of one osmole.

2. Osmolarity.
This is defined as the osmolar concentration of a solute per liter of SOLUTION. Its

usual units are osmoleslliter.

3. Osmolality.
This is defined as the osmolar concentration of a solute per liter or kilogram of SOl.r

VENT. Its usual units are osmoleslkilogram, or osmolesl liter.

NOTE.
Because the concentrations of electrolytes and proteins in physiological solutions is

low, the terms osmolality and osmolarity may be interchanged without any significant loss
of accuracy.

4. Osmotic pressure.
Ifthere is asemipermeable membrane separating two solutions with differing osmolar

concentrations, a force is exerted which forces fluid through the membrane into the solu
tion with the highest concentration. This is the osmotic pressure. Its units are also those of
pressure. The osmotic pressure exerted by agiven osmolar concentration may be calculated
approximately using equation 1.

OSMOTIC PRESSURf{mmHg) = 19.3 x OSMOLALlTY(mosm/l) ..•(1)
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Table 14.1.1.
Volumes of the various fluid compartments In humans.

TOTAL BODY WATER

Prepubertal children [4]
AGE TBW

Adults [3, pages 6-7]
Body Build LEAN AVERAGE OBESE

0-1 month
1 - 12 months
1 - 10 years

75.7%
64.5%
61.7%

MALES 60%
FEMALES 55%

55%
50%

50%
45%

EXTRACELLULAR FLUID VOLUME

ADULT MALES = 25% of body weight (kg).
= 250 mis/kg.

ADULT FEMALES = 20% of body weight (kg).
= 200 mis/kg.

INTERSTITIAL FLUID VOLUME [5]

ADULT MALES and FEMALES = 120-200 mls/kg body weight.

PLASMA VOLUME

ADULT MALES = 45 mis/kg body weight.
ADULT FEMALES = 40 mls/kg body weight.

BLOOD VOLUME [3 page 146]

NEONATES
CHILDREN

= 80-85 mls/kg body weight.
= 75 mis/kg body weight.

ADULTS BODY BUILD muscular normal thin obese

MALES 75 70 65 60
FEMALES 70 65 60 55

N.B. Volumes are in mis/kg body weight.
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Equation 1reveals that the plasma osmotic pressure, (Normal plasma osmolality =
280-300 mosmoV!), is about 5400 mmHg, meaning that the plasma proteins which exert an
osmotic pressure of about 25 mmHg are osmotically only minimally active. The osmotic
pressure exerted by proteins is sometimes called the "colloid osmotic pressure" or the "on
cotic pressure".

NORMAL FLUID AND ION PHYSIOLOGY
1. Volumes of various fluid compartments.

More than 50% of the weight ofthe average human body consists ofwater. This water
is distributed throughout various compartments. Table 14.1.1 shows the volumes of these
compartments related to body weight, as mlsIkg body weight, or a percentage of the body
weight. As the density of the human body is only slightly different from that of water, the
mass ofwater in kilograms may for practical purposes be given as liters, i.e. 1liter water =
1 kilogram. The most important fluid compartments and their abbreviations are listed
below.

a. Total Body Water (TBW) =total volume ofwater in the body.

b. Interstitial Fluid Volume (ISFV) = volume of fluid that is situated between the cells of
the body, but does not include plasma.

c. Plasma Volume (PV) =plasma volume.

d. Extracellular Fluid Volume (ECFV) =total volume offluid that is not situated intracel
lularly. This fluid volume consists of the PV plus the ISFV.

e. Intracellular Fluid Volume (ICFV) = total volume offluid inside all the cells of the body.

f. Blood Volume (BV) = blood volume which includes the plasma volume plus the volume
of the erythrocytes within the blood.

The tables giving the volumes of the various fluid compartments are useful for clini
cal anaestheticpractice and are sufficiently accurate for nearly all purposes. The readerwho
wishes to use more complicated regression equations is referred to references 1and 2.

2. Normal electrolyte concentrations.
a. Intracellular and extracellular dift'erences.

The composition of intracellular and extracellular fluids is quite different. These con
centration differences are maintained by energy requiring membrane pumps functioning
in intact cell membranes. The maintenance ofthese concentrationgradients, especially that
of ionic concentration gradients, determines the distribution of intravenously or orally ad
ministered electrolyte solutions within the body. Table 14.1.2 shows the average intracel
lular and extracellular ionic and protein concentrations.

b. Volumes and composition ofvarious body secretions.
The key to understanding the nature of many electrolyte, fluid and acid-base disor

ders is knowledge of the production rates and composition of the various secretions of the
body. These are shown in table 14.1.3. It should always be remembered that this table is
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only aguide to the average values. These vary with the secretion rate as well as the stimulus
causing secretion.

Table 14.1.2.
Normal ionic and protein concentrations in the extracellular and in
tracellular compartments.

ION EXTRACELLULAR INTRACELLULAR
(mmol/l) (mmol/l)

Sodium
Potassium
Calcium
Magnesium
Chloride
Bicarbonate
Hypophosphates
Proteins
(concn. in mosm/l)

146
4
2.5
1.5

105
24

2
1.2

14
140

0.001
31

4
10
11
4

Table 14.1.3.
Composition and production rates ofvarious body secretions in adults [6].

FLUID Volume Na+ K+ cr HCOa-
(ml/day) (mmol/l) (mmol/l) (mmol/l) (mmol/l)

Saliva 500-1500 14 21 24 7
Gastric 2000-3000 49 12 120 0
Bile 250-1100 149 5 100 30
Pancreas 700-2500 141 5 129 25
Small intestine 1000-3000 110 5 100 30
Faeces 100-200 30 50 40 40
Diarrhea >500 75 30 0 50
Sweat 200-300 42 8 30 0
Urine 510-2000 85 25 90 0
Lungs (respiration) 300-500 0 0 0 0
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3. Normal water requirements.
The basal volume ofwater required for replacement oflosses and excretion ofwaste

products varies with the body weight, age and metabolic rate. The same is also true of
electrolyte requirements.

a. Children.
Basal water requirement in children may be calculated using the well known "liver

pool formula" which is set out in table 14.1.4, or the formula below (equation 2) [8].

Q = WEIGHT x (100 • 3 xAGE) .•••(2)

Q =volume of fluid required per 24 hours.
WEIGHT = body weight in kg.
AGE = age in years.

Table 14.1.4.
"liverpool formula", used for calculating the basal water re
quirements of children and infants [7].

Weight up to 10 kg - 100 mls/kglday.

Weight 10 - 20 kg - 1000 mIs/day + 50 mls/kg/day
for each kg above 10 kg.

Weight > 20 kg - 1500 mis/day + 20 mls/kg/day
for each kg above 20 kg.

b.Adults.
Adult basal water requirement is usually estimated as 2 mls/kg/hour.

4. Normal vascular molecular permeability.
The distribution of fluids is dependent on whether they have an osmolality that is

greater or less than that of the body, the types of ions and macromolecules in solution, and
the permeability of vascular endothelium to these molecules.

Arteries, veins and arterioles are virtually impermeable to water and other molecules.
But venules and capillaries are freely permeable to molecules with a molecular weight less
than about 10,000 Daltons [fig 14.1.1], e.g. glucose, water etc. However capillaries and
venules are not uniformly permeable. The permeability of these vessels to water and other
small molecules with an MW < 10,000 Daltons is least at the arteriolar ends of capillaries,
while the venules are more permeable. The permeability ofvenules and the venular ends
of capillaries to water may be twice that of the arteriolar capillaries [9,10]. In addition to
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their greater permeability, the endothelial surface area of the venules and the venular ends
of the capillaries is about 2-6 times that of the arteriolar ends ofcapillaries, a feature which
facilitates absorbtion of fluid from the interstitium [9]. The permeability of the capillaries
and venules of different organs also differs from one organ to another [11,12,14,15]. This is
shown in figure 14.1.1.

150,000
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50,000 100,000
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FIGURE 14.1.1. - Lymph/plasma concentration ratio is related to the molecular weight of
proteins. In the case of the kidney, the ratio is the ratio of the glomerular filtrate concentration to
that in the plasma. The lymph/plasma concentration ratio is a measure of the capillary/venular
permeability to molecules. The nearer the ratio is to 1, the greater the permeability. The data used
are derived from investigations using various animals, and either proteins or dextrans of various
molecular weights [11,12,14,15].

In figure 14.1.1 the lymph/plasma concentration ratio is used as a measure of capil
lary and venular permeability to molecules ofvarying molecular weights, (in the case of the
kidneys the urine/plasma ratio is used). The nearer this ratio is to "1", the more permeable
the capillary endothelium. From this it is obvious that capillaries and venules perfusing
predominantly muscle and connective tissue are relatively impermeable to molecules with
a molecular weight above 30,000 Daltons [11]. The ability of large molecules to enter the
glomerular filtrate decreases markedly as the molecular weight increases from 15,000 to
75,000 Daltons [12]. However for all practical purposes the glomerular capillary en-
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dothelium may be considered impermeable to molecules with a molecular weight above
60,000 Daltons, as minimal amounts of albumin appear in normal urine [13]. The situation
for the liver [11], lung [14] and intestines [15] is quite different, as the capillaries in these
organs are quite permeable to molecules with molecular weights of as high as 100,000 Dal
tons.

Capillary and venular permeability to macromolecules accounts for the measured rate
of loss of 4.7% of the total plasma content of albumin per hour from the circulation in
humans, (molecular weight of albumin = 66,241 Daltons) [16]. The albumin and other
proteins that leak into the interstitial space are subsequently returned to the circulation via
the lymphatics.

Capillary permeability to proteins means that there are significant quantities of al
bumin and other proteins within the interstitial fluid space. In humans the subcutaneous
interstitial fluid albumin concentration is about 62% that in the plasma [17]. This implies
that interstitial fluid volume in the average adult contains about 2.5 times more albumin
than the plasma does.

While the capillaries are somewhat permeable to these macromolecules, they are not
freely permeable. This is clearly demonstrated by the fact that elevation of the capillary
blood pressure causes interstitial fluid and lymphatic concentrations of these proteins to
decrease [15,18]. It is this limitation of the rate of protein movement out of vessels which
are permeable to proteins oflarger molecularweights that causes the intravascular to inter
stitial fluid protein concentration gradient. Because ofthis plasma colloid osmotic pressure
is greater than that of interstitial fluid. This is vital for normal transcapillary fluid exchange,
and is of most relevance to albumin, as it is albumin which provides the greatest contrib
ution to the plasma and interstitial colloid osmotic pressure in man [21].

The permeability of capillaries to proteins and fluids is increased by up to 7-9 times
normal by inflammation, trauma, and surgery [10]. This has consequences for periopera
tive fluid management as will be discussed later.

5. Transcaplllary fluid exchange.
Because capillaries are freely permeable to molecules whose molecular weight is less

than 10,000 Daltons, there is free movement and exchange ofwater, electrolytes and small
molecules between the plasma and interstitial fluid across the capillary and venular en
dothelium. Water is very rapidly exchanged between the intravascular and interstitial fluid
compartments, human studies showing that each minute a volume of water is exchanged
between the plasma and interstitial fluid that is equivalent to the plasma volume. The
volume of plasma filtered out of the capillaries into the interstitium per unit time is much
less, the rate of filtration in human adults being about 20 liters/day, most being resorbed at
the venous end of the capillaries and venules, and the remainder being returned to the cir
culation as lymph [25].

Factors of importance in regulating transcapillary fluid exchange are the intravas
cular-extravascular pressure and colloid osmotic pressure differences. In humans these
parameters have been found to have the approximate values listed below.

a. Capillary pressures.
Capillary blood pressures have been measured in the skin offingers in humans. Pres

sure in the arteriolar ends of capillaries varies between 21-48 mmHg (mean = 32 mmHg),
and that in the venular end of capillaries between 6-18 mmHg (mean = 12 mmHg). In the
middle of the capillaries the mean intravascular pressure is about 20 mmHg [19].
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b. Interstitial fluid pressure.
Interstitial fluid pressure in man is less thanatmospheric pressure, and varies between

-2 to -10 mmHg (mean = -6 mmHg) [20].

c. Colloid osmotic pressure.
Mean colloid osmoticpressure ofnormal humanplasmavaries from 21.6 to 29 mmHg

invarious studies [21,22], while that inhuman subcutaneous interstitial fluid varies between
a mean of 11 mmHg at the ankle and 14.5 in thoracic subcutaneous interstitial fluid [22].

d. Plasma albumin and interstitial oedema.
Interstitial oedema develops in undamaged tissue when the plasma colloid osmotic

pressure is lower than 15 mmHg, or the plasma albumin concentration is lower than 20
gms/1 [22,28,29,30,31].

A simple modification of the well known Starling equation permits a simple view of
the forces driving fluid across capillary and venular endothelium at any given point [9,27].
This relationship is shown in equation 3. Examples of the use of this equation are shown in
figures 14.1.2 to 14.1.7 for various situations frequently encountered in clinical practice.

Ptc = [Pc· PI] • [COPp • COPI] •••.••(3)

Ptc = transcapillary pressure driving water across capillary endothelium in mmHg.
Pc = Capillary blood pressure at any given point in mmHg.
PI = Interstitial fluid pressure in mmHg.
COPp = Plasma colloid osmotic pressure in mmHg.
COPI = Interstitial fluid colloid osmotic pressure in mmHg.

NORMAL SITUATION

Interstitial fluid
pressure = -2 mmHg

ARTERIOLE

CAPILLARY

VENULE

IPressure = 32 mmHg I
I -t+ Pte = (32-(-2))-(28-11) = 17 mmHg

I II Colloid osmotic I
I pressure = 28 mmHg I Colloid osmotic

pressure = 11 mmHg

I • __1-_ Pte = (12-(-2))-(28-11) = -3 mmHgIP....,... = 12 mmHg

FJgUCe 14.1.2. - The normal situation. Even though the pressure forcing fluid out of the arter
iolar capillary is greater than that in the venous capillary, the greater venous capillary surface area
ensures that the rate of fluid movement back into the circulation is almost as great as it is out of
the arteriolar capillary. Fluid that remains in the interstitium is returned to the circulation via the
lymphatic system.
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ELEVATED POSITION

ARTERIOLE Ip"",".. = 22 "",HgI
I ---t+ Pte "" (22-(-2))-(28-11) "" 7mmHg

I I Interstitialiluid

I Colloid osmotic I pressure "" -2 mmHg
CAPILLARY

I pressure "" 28 mmHg I Colloid osmotic

I
pressure "" 11 mmHg

Pte "" (2-(-2))-(28-11) "" -13 mmHg

IVENULE Pressure "" 2 mmHg

Figure 14.1.3. - Elevation of a traumatized, operated or swollen limb is often employed to
prevent or reduce interstitial oedema. Elevation reduces bothvenous and arterial pressuresequal
ly. Ifthese pressures are lowenough, the pressures driving fluid out ofthe capillaries are less than
that of the colloid osmotic pressure which draws fluid back into the circulation. This reduces ex
isting oedema, and minimizes its formation.

DEPENDENT POSITION

Interstitialiluid
pressure "" -2 mmHg

Colloid osmotic
pressure "" 11 mmHg

Colloid osmotic

P...." .. = 42 mmHg I
---t+ Pte "" (42-(-2))-(28-11) "" 27mmHg

I
I

pressure "" 28 mmHg ICAPILLARY

ARTERIOLE

-----I~~ Pte "" (22-(-2}}-(28-11) "" 7 mmHg

VENULE Pressure "" 22 mmHg

Figure 14.1.4. - Placing a limb or portion of the body in a dependent position elevates both the
venous and arterial pressures equally. In the situation depicted, this causes the intravascular fluid
pressures to be so high that they are greater than the osmotic pressure drawing fluid back into the
circulation. If the rate of capillary fluid loss is greater than the maximum rate at which the lym
phatic system can clear it from the interstitium, interstitial oedema occurs.
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ELEVATED VENOUS PRESSURE

Interstitial fluid
pressure = -2 mmHg

Ptc = (32-(-2))-(28-11) = 17 mmHg

ARTERIOLE

CAPILLARY

VENULE

IP",SSU", = 32 mmHg I
I ~
I II Colloid osmotic I
I pressure = 28 mmHg I Colloid osmotic

pressure = 11 mmHg

I __-I~~ Pte = (22-(-2))-(28-11) = 7 mmHg

Ip""",", = 22 mmHg

Figure 14.1.5. - Elevated venous pressure as caused by a venous tourniquet, incompetent
venous valves etc, also causes interstitial oedema. This figure shows that if the venous pressure is
sufficiently elevated it will exceed the colloid osmoticpressure drawing fluid back into the circula
tion. Interstitial oedema then occurs.

HVPOPROTEINAEMIA

Interstitial fluid
pressure = -2 mmHg

Pte = (32-(-2))-(15-4) = 23 mmHg

ARTERIOLE

CAPILLARY

VENULE

IP"",,,e = 32 mmHgI
I ~
I II Colloid osmotic I
I pressure = 15 mmHg I Colloid osmotic

pressure = 4 mmHg

I .... Ptc = (12-(-2))-(15-4) = 3 mmHg

IP'ess"e = 12 mmHg

Figure 14.1.6. - Severe hypoproteinaemia significantly reduces the colloid osmotic pressures
relative to the intravascular fluid pressures. In such cases interstitial oedema occurs when the rate
of fluid loss from the capillaries exceeds the rate at which it can be cleared by the lymphatic sys
tem. Interstitial oedema occurs in humans when the plasma colloid osmotic pressure falls below
15 mmHg, or when the plasma albumin concentration falls below 20 gm/l [22,28,29,30].
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HYPOVOLAEMIA (low venous pressure)

Interstitial fluid
pressure = -2 mmHg

Colloid osmotic
pressure = 11 mmHg

ARTERIOLE

CAPILLARY

VENULE

p""""" = 32 mmHgI
--t+ Pte = (32-(-2))-(28-11) = 17 mmHg

I
Colloid osmotic I

pressure = 28 mmHg I
.--1-- Pte = (2-(-2))-(28-11) = -13 mmHg

Pressure = 2 mmHg

rJgUTe 14.1.7. - Hypovolaemia, negative end-expiratorypressure during controlled ventilation,
andslight elevationofa limb reduce the venous pressureswithout significantlyreducing the arterial
blood pressures. If the venous pressure is reduced far enough, the rate at which fluid enters the
circulation is greater than the rate at which it leaves. This is a phenomenon effectively increasing
the circulatingblood volume. It is an important means for restoration and maintenance ofcirculat
ing blood volume in humans and animals after haemorrhage, plasma loss into localized oedema,
or from burns, and dehydration.

6. Transcaplllary refill.
Transcapillary refill is the name given to the phenomenon whereby the rate at which

fluid flows into the circulation from the interstitium is greater than the rate at which it leaves
it. This occurs when the intravascular pressures are so low that the intravascular-interstitial
colloid osmotic pressure difference is sufficient the draw fluid into the venular ends ofcapil
laries at a faster rate than it leaves the capillaries at the arteriolar ends [see fig. 14.1.7]. The
effect is to increase the circulating blood volume. It is a very important mechanism in
humans and animals by which a blood volume deficit may be rapidly replaced, and nor
movolaemia maintained.

There are a variety of common clinical situations in which transcapillary refill occurs.
These are listed below.

• Haemorrhage reduces blood volume and intravascular pressures.
• Loss of plasma from burns or into traumatic oedema reduces circulating blood

volume and intravascular pressures.
• Dehydration of sufficient degree to cause a reduction of blood volume.
• Negative end-expiratory pressure during controlled ventilation reduces in

travenous pressures.
• Administration ofvasodilator drugs reduces intravascular pressures.
• Increased sympathetic nervous activity increases both precapillary as well as

postcapillary vascular resistance. The effect of this is to reduce capillary and
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venular pressures to such a degree that more fluid enters the capillaries in the or
gans affected than leaves them [26].

7. Rate of transcaplllary refill.
Haemorrhage is the most well studied situation in which transcapillary refill occurs.

After haemorrhage in humans, without replacement of the lost blood volume, fluid enters
the circulation from the interstitium at arate dependent on the pressure difference between
capillary and interstitium. In fact the rate of refill declines exponentially as the process of
transcapillary refill continually reduces the interstitium-capillary pressure difference, and
so the time to completion of transcapillary refill is able to be described by a half life [23,25].
Human investigations have shown that after loss of 10-19% of the blood volume that
transcapillary refill is complete by 12 hours, and about 95% complete after 6 hours, mean
ing that the process of transcapillary refill after haemorrhage has a completion half life of
about 1-2 hours. This means that transcapillary refill will restore 50% oflost blood volume
by 1-2 hours after haemorrhage, and indeed there is evidence that this is so [23].

8. Reversal of transcapillary refill.
The direction of transcapillary fluid exchange may be reversed by increasing intravas

cular pressures above normal. This can occur as a result of a number of events.

• Infusion of blood volume expanding fluids raises intracapillary and venular pres
sures [25].

• Administration of vasoconstrictor drugs elevates intracapillary and venular pes
sures. Plasma volume may actually be decreased below normal as a result of ad
minstration of vasoconstrictor drugs [16].

Table 14.1.5.
Distribution of Interstitial fluid [5].

SITE

Skin
Skeletal muscle
Viscera
Other organs

ISFV as % weight
of organ

40-60
8-20
20-30
varies

% of total
bodylSFV

33
33
20
13

9. Principal sources of fluid for transcaplllary refill.
The source of the fluid entering the circulation during transcapillary refill is the in

terstitium. However interstitial fluid is not evenly distributed throughout the body as is
shown by table 14.1.5. There is evidence that the skin and muscle are the source of most of
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the fluid entering the circulation during transcapillary refill, as skin and muscle contain the
largest proportion of the ISFV of the body [5]. But clinical evidence suggests that the vis
ceral interstitium also provides a significant proportion of the volume offluid entering the
capillaries during transcapillary refill, as has been shown experimentally by the virtual non
occurrence of transcapillary refill in eviscerated dogs and rabbits [24]. This latter finding
correlates well with the clinical experience of most anaesthetists, which is that patients
undergoing major intra-abdominal surgery require a greater infused volume of fluid to
maintain normal haemodynarnic function than patients undergoing major leg or hip surgery
of comparable magnitude. The most plausible explanation of this phenomenon is that the
intra-abdominal viscera are concentrated in a relatively small space. Major intra-abdominal
surgery affects all the abdominal viscera, increasing the permeability of the visceral capil
lary and venular endothelium to proteins [10], so decreasing the efficacy of transcapillary
colloid osmotic forces. Transcapillary refill then no longer occurs from a region of the body
which contains about 20% of the interstitial fluid volume available for this purpose, i.e. the
abdominal viscera. Major hip or leg surgery only affects the transcapillary refill from asmall
percentage volume of tissues which are possible sources of interstitial fluid, i.e. one leg or
one hip only. Because of this a larger proportion of the total body ISFV remains available
for transcapillary refill during hip or leg surgery than during major abdominal surgery.
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Chapter 14.2

PROPERTIES OF INTRAVENOUS FLUIDS

There are two basic types ofintravenousfluids inclinical use, colloids and crystalloids.
Crystalloid solutions are solutions of salts or small molecules with a molecular weight of
less than 1000-2000Daltons, while colloidal solutions are solutions ofmacromolecules such
as starches, gelatins, dextrans, and proteins.

CRYSTALLOID SOLUTIONS
These are solutions of salts or molecules with a molecular weight less than 1000 Dal

tons. Solutions that fit into the latter category are solutions of electrolytes, fructose, sor
bitol, glucose (dextrose), amino-acids and lipids.

Their final volume of distribution, and hence long-term effect on systemic
haemodynamics, is determined by the nature of the molecules dissolved in them. As these
fluids are electrolyte solutions, or solutions of organic molecules with a molecular weight
less than 1000, they rapidly diffuse out ofthe capillaries to distribute throughout the ECFV.
Redistribution from the intravascular compartment to the whole of the ECFV is a process
which is essentially complete 5minutes after infusion ofagivenvolume ofany of these solu
tions [1,2,3,50]. The amount of fluid that then subsequently remains in the blood is depend
ent on the relative volume of the plasma to the total body ECFV. Table 14.1.1 shows that
the plasma volume is about 20% of the ECFV. Therefore it is not surprising that clinical
investigation also shows that the volume of such crystalloid solutions remaining in the cir
culation 5 minutes after completion of a very rapid intravenous infusion is indeed about
20% of the infused volume (1,3,4]. Any subsequent changes of plasma and ECFV are de
pendent on the nature of the solute in the fluid infused, the rate of excretion ofwater and
ions, as well as the rate at which any organic molecules are metabolized.

1. Glucose solutions.
Clinically important properties.
a. 5%glucose is the most commonglucose solution in clinical use. It contains 50gmsglucose
per liter of solution, which is equivalent to a concentration of5 gm/100 mls = 275 mmoVI.
Rapid infusion may cause hyperglycaemia, especially in diabetic patients.

b. Infusion ofa 5%glucose infusion in pregnantpatients causes significant foetal hyperglyc
aemia and hyperinsulinaemia. If more than 350 mls of a 5% glucose solution is adminis
tered to the mother during caesarean section prior to delivery, the delivered baby has sig
nificant hyperinsulinaemia and hyperglycaemia at birth. After delivery the neonatal plas-
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ma glucose concentration then falls rapidly as no new glucose is supplied by the placenta,
and because plasma glucose concentration falls faster than the plasma insulin concentr
ation, hypoglycaemia is likely. In fact hypoglycaemia almost invariably occurs by 2 hours
after delivery in those infants whose mothers receive an infusion of 1000 mls of5% glucose
immediately prior to delivery [7].
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FlGURE 14.2.1. -This figure shows the results ofserialbloodvolume measurements at various
time periods in healthy persons after 500 mls ofvarious colloidal solutions, or a 0.9% NaCl solu
tion were infused subsequent to the withdrawal of 400 mls of blood [1]. It is obvious that all the
colloidal solutions and blood cause a lasting elevation of blood volume, as 50% and more of the
infused volume is still present in the circulation 4 hours after infusion. The 0.9% NaCI solution
causes only a minimal and short lasting elevation of the blood volume.

c. Infusion of glucose solutions elevates the plasma insulin concentration. This in turn may
cause significant hypokalaemia [8].

d.lnfusion of 5% glucose at a rate of 600-800 mls in 40 minutes causes a significant degree
of hyponatraemia due to a dilution effect [15]. Prolonged infusion of large volumes of 5%
glucose over several days causes hyponatraemia if the urinary, skin, and faecal sodium los
ses are not replaced.

Distribution.
a. An infusion of 5% glucose initially distributes throughout the ECFV, but does not in
crease the ECFV above the volume of fluid infused, as the osmolality of the solution is the
same as that ofplasma. After metabolism of the glucose the osmolality of the extracellular
fluid falls, as all that remains after metabolism ofglucose is water and carbon dioxide. The
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water is subsequently distributed throughout the TBW. As plasmavolume is only 8% ofthe
TBW the final effect on blood volume is minimal.

For example, a rapid intravenous infusion of 1,000 mls of a 5% glucose solution will
have increased the plasma, and hence blood volume, by only 80 mls after the infusion is
stopped. The real level of blood volume expansion is probably even less as the kidneys
simultaneously eliminate some of the infused water.

b. If a hypertonic (> 5%), solution of glucose is infused, the volume remaining in the cir
culation after about 5minutes is still only 20% of the volume infused. But because intracel
lular movement ofglucose takes some time, a situation arises inwhich the osmolality of the
ECFV is temporarily elevated relative to the intracellular fluid. This causes movement of
water down the osmotic gradient from inside cells to the ECFV. The result is a temporary
increase of blood volume that is greater than that caused by 5% glucose.

Indications.
The main use of 5% glucose is as a source of glucose, or for rehydration after pure

water loss. Hypertonic solutions are mainly useful as a source of energy.

2. Sodium chloride (NaCI) solutions.
Clinically important properties.
a. Solutions of NaCI are either isotonic relative to plasma, or hypertonic. Problems as
sociated with their use are associated principally with their expansion of the ECFV. This
manifests as a measurable increase of the pulmonary closing volume, and decreased pul
monary compliance after infusion of as little as one liter of 0.9% NaCI solution [9].
Presumably both these phenomena are a result of an increase in the pulmonary interstitial
fluid volume. Pulmonary oedema may be caused by the infusion of large volumes of 0.9%
NaCl [10] or Ringer's solutions [11], which both significantly elevate the ECFV.

b. Infusion of NaCI solutions, (e.g. Ringer's lactate, dextrose/saline, saline 0.9%), elevates
the coagulability ofblood both in-vitro and well as in-vivo [12]. In one study, only 7% of the
patients who were given no more than a minimal volume of oral fluids postoperatively
developed a deep venous thrombosis, while 30% of those patients administered "normal"
perioperative volumes of Ringer's lactate and glucose/saline solutions developed a deep
venous thrombosis [12].

c. Ringer's lactate solution may cause a variety of problems due to the presence of the
sodium lactate.

i. Ringer's lactate solution causes a significant postoperative metabolic alkalosis if more
than 1-2 liters of is administered peroperatively [13]. This is due to metabolism of the
lactate and retention of the sodium ion [see chapter 13.3].

ii. Perioperative hyperglycaemia is significantly exacerbated by Ringer's lactate in patients
with maturity onset diabetes mellitus [14].

Distribution.
a. The composition of the various sodium containing intravenous infusion fluids are shown
in table 14.2.1. The volume of distribution for most sodium solutions whose sodium con-
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centration is greater than 129 mmoVl is the ECFV. The duration of ECFV expansion is
determined by the rate of sodium and water excretion. Further redistribution into cells is
minimal as the intracellular sodium concentration is only 10% that of the ECFV.

b. Five minutes after stopping a rapid infusion of a 0.9% NaCI solution, the plasma and
blood volume is only increased by avolume equivalent to 12% of the volume of0.9% NaCI
solution that was infused [1, and see fig. 14.2.1]. little of the solution enters the intracel
lular compartment as sodium is actively pumped out of cells. Because of distribution
throughout the ECFV, a 0.9% NaCI solution is useless for significant expansionof the blood
volume, in addition to which the duration of the minimal degree of expansion it does cause
is limited to somewhat more than 5 minutes [1]. Infusion of 1liter only induces a temporary
elevation of the blood volume of about 100-120 mls, which is insignificant in proportion to
the volume infused.

c. After rapid infusion of lactated Ringer's solution (Hartmann's solution), the plasma or
blood volume is elevated by a volume equivalent to only 20% of the volume infused [3,4].
As with 0.9% NaCI solution, the duration of the minimal blood volume expansion that it
does induce is also short, being less than one hour [4].

d. A hypertonic (2400 mosm/1) NaCI solution is also distributed only within the ECFV. But
because of the high osmolality of the solution, the ECFV becomes hyperosmolar and fluid
is drawn into the ECFV from the intracellular fluid volume. This increases the ECFV by a
greater volume than the volume infused. The systemic haemodynamic effects ofan infusion
ofahypertonic NaCI solution (2400 mosm/1) maypersist for severalhours until renal sodium
excretion eliminates some of the infused sodium [5].

Indications.
a. The main use of 0.9% NaCI in anaesthetic practice should be mainly to replace extracel
lular fluid volume deficits.

b. The principal use ofRinger's solutions should, as with 0.9% NaC!, be mainly for replace
ment of extracellular fluid volume deficits.

c. The uses of hypertonic saline should be seen at present as offering an interesting alter
native to the use of colloid solutions for blood volume replacement, as well as replacement
of depleted body sodium stores. However the major disadvantage to their use for blood
volume replacement is that the whole of the ECFV increases, not just the plasma volume.
This means that clinically significant interstitial oedema may occur after infusion of large
quantities of hypertonic saline solutions.

3. Mixed saline and glucose solutions.
The clinical problems associated with the use ofglucose/saline solutions are the same

as those for both glucose as well as saline solutions.

Distribution.
Various solutions which are a mixture of glucose and saline, or of Ringer's solution

and glucose are in common clinical use. After distribution to the whole of the ECFV and
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metabolism of the glucose, further distribution is determined by the concentration of
sodium ion in these solutions. If the sodium concentration is lower than that in plasma or
the extracellular fluid, then water diffuses into the cells until the extracellular osmolality is
the same as that inside the cells.

Take the commonly used solution of4% Glucose/0.18% NaCI as an example. Apply
ing the above simple analysis, one arrives at the conclusion that 20% of an infused volume
will distribute only within the ECFV (0.18% NaCI = 1/5th the sodium of 0.9% NaCl), and
the remaining 80% will distribute throughout the total body water after metabolism of the
glucose.

COLLOID SOLUTIONS
A colloid solution is a solution of macromolecules with a molecular weight greater

than 10,000 Daltons. The colloidal solutions used in clinical practice are those of human
plasma proteins, blood, dextran, gelatine, and hydroxyethyl starch. After intravenous in
fusion, the majority of the infused volume of any of these solutions remains in the intravas
cular compartment, as the mean molecular weights ofmost of the molecules in these solu
tions is greater than 30,000 Daltons. Capillary and venular endothelium is relatively less
permeable to molecules with molecularweights above this level [see chapter 14.1 and figure
14.1.1]. Figure 14.2.3 shows the differences between various colloidal solutions as regards
their blood volume increasing effect.

Table 14.2.3 also shows the pharmacokinetic elimination half lives, the water binding
capacities, and other parameters of the various colloidal solutions in common clinical use.
It should be noted that the pharmacokinetic elimination half life of the colloidal molecule
concerned does not necessarily have any relationship to the duration of the blood volume
expanding effect of the solution concerned. But it is of relevance when it comes to decid
ing how much, and how frequently a given colloidal solution may be administered, as ex
cessive accumulation of some synthetic colloidal molecules should be avoided, e.g. the
dextrans..

The main problems associated with the use of colloidal solutions are anaphylactic or
anaphylactoid reactions, and bleeding tendencies. The frequencies of occurrence of clini
cally significant haemorrhagic and allergic reactions are shown in table 14.2.2.

1. Plasma and plasma protein solutions.
Preparations available.

The most commonly used and available human plasma protein preparations in clini
cal use are listed below.

a. Fresh citrated plasma. This is plasma which has been separated from the erythrocytes
within 3 hours after collection. It may be stored at 4°C,but is more usually stored as frozen
plasma at a temperature of -20 to -30°Cso as to prolong the usable life. Because the plas
ma is not sterilized, the risk of disease transmission is the same as for blood.

b. Pasteurized plasma protein solution. This is a 4-5% solution of the proteins remaining
after the coagulationproteins and blood cells have beenremoved. About 83% ofthe protein
present is albumin, the rest being a- and B-globulins. Because it is pasteurized at 60°Cfor
10 hours the chance of transmission of hepatitis and other diseases is minimal.
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Table 14.2.1.
Composition of various commonly used synthetic Intravenous fluids.

FLUID pH Na+ K+ Ca++ cr Glucose Other Ions or Osmolality
(gil) substances (mosm/l)

Glucose 5% 4.5 50 276

Glucose 4% +
0.18% NaCl 4.5 31 31 40 286

NaClO.9% 5 154 154 304

Ringer's solution 5 147 4 4.5 155.5 311

Ringer/glucose 5% 4.5 147 4 4.5 155.5 50 589

Ringer's lactate 7 130 4 2.7 109.7 Lactate 27 mmolll 273.4
(Hartmann's solo.)

NaHCOa8.4% 8 1000 HCOa-1QOO mmo11l2000

Haemaccel 7.3 145 5.1 6.25 145 Gelatin 35 gil 334

Gellfundol 7.0 154 154 Gelatin 56 gil

Plasmagel 5.8 120 13.5 147 Gelatin 30 gil

Physlogel 7.2 120 0.4 12 125 Gelatin 42 gil

5% Dextran-40 in
-Glucose 5% 50 Dextran 50 gil 360
-NaCI0.9% 154 154 Dextran 50 gil 388
(e.g. Isodex)

10% Dextran-40 in
-Glucose 5% 50 Dextran 100 gil 445
- NaCI 0.9% 154 154 Dextran 100 gil 473
(e.g. Rheomacrodex)

6% Dextran-70 In
-Glucose5% 50 Dextran 60 gil 334
- NaCI 0.9% 154 154 Dextran 60 gil 362
(e.g. Macrodex)

Mannitol 20% Mannitol 200 gil 1100

Mannitol 10% Mannitol 100 gil 550

N.B. Ion concentrations in mmoVl unless otherwise stated.
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Table 14.2.2.
Frequencies ofclinically significantbleeding and allergic reactions
occurring after administration of various colloidal solutions, ex
pressed as percentage reactions per 100 infusions [18,19,20,21].

SOLUTION
All anaphylactic
/anaphylactold

reactions

Clinically
significant

bleeding tendency

Plasma protein
and albumin 0.014% 0.001%
solutions

Dextran-40 0.013% about 0.01%

Dextran-70 0.025% about 0.01%

Gelatins 0.079% < <0.01%

Hydroxyethyl-starch 0.085% about 0.01%

c. Purified human albumin. Human albumin is available as either a 5% or 20% solution.
Because it is pasteurized, the risk of disease transmission is minimal.

Clinically important properties.
a. The main problem with all the plasma protein solutions is cost. They are considerably
more expensive than the synthetic plasma volume replacing solutions.

b. Another major problem is the possibility of disease transmission. However this is more
a problemwith plasma protein preparations that have not beenpasteurized. Pasteurization
destroys hepatitis A and B viruses as well as all other organisms, e.g. treponema pallidum,
the Acquired Immune Deficiency (AIDS) virus, etc.

c. Anaphylactic and anaphylactoid reactions occur with a frequency of about 14 per 1000
units of plasma protein solutions administered. This is a very low rate, only equalled by
dextran-40, but without as high a chance of clinically significant bleeding disorders occur
ring [see table 14.2.2].

d. Infusion of large quantities of albumin (150 gms albumin), can cause an alteration in
blood coagulation, although the clinical significance of this is uncertain as a clinically sig
nificant bleeding tendency does not occurwhen these amounts ofalbumin are administered
intraoperatively [22].
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Distribution.
A4-5% solution ofpasteurized plasma protein solution, or a 5% albuminsolution have the
same blood volume expanding effect as plasma [23]. These solutions all cause a long last
ing elevation of plasma volume [fig. 14.2.1 and table 1423].

Indications.
For replacement of plasma and blood volume losses, and for treatment of hypoprotein
aemia.

2. Gelatine solutions.
Types of preparation available.

These are listed in table 14.2.1.

Clinically important properties.
a. Gelatine is made by heating collagen until the molecules break down into polypeptide
chains with molecular weights in the range 17,000-18,000 Daltons. Aqueous solutions of
gelatine gel at room temperature, but this can be prevented by crosslinking the gelatine
molecules with urea as in Haemacce111l

, or with dialdehyde glyoxal as in Gelifundo111l
• Or

the gelatine molecules may be modified by removing the -NH2 groups from the terminal
aminoacids and replacing them with -COOH groups as in Plasmage111l and Physioge111l

• The
molecular weights of the resulting molecules range between 17,000-100,000 Daltons, with
a mean molecular weight of 30,000-35,000 Daltons [24].

b. Elimination of gelatine molecules from the body is primarily by urinary excretion as the
molecularweight of most of the molecules is under 60,000 Daltons. After 2 days about 85%
of a given dose is excreted unchanged in the urine, while 10% is excreted unchanged in the
faeces, and only 3% is metabolized [25,44]. The pharmacokinetic elimination half life of
gelatine molecules in a Haemacce111l solution is 8.4 hours in patients with normal renal
function, and does not increase above this even in patients with renal dysfunction, until the
glomerular filtration rate decreases below 30 mlsImin (Normal > = 90 ml/min), Le. the
creatinine clearance is less than one third of its normal value [45].

c. Renal function is not adversely affected by infusion of 500-1000 mls of a gelatine solu
tion, even when administered to shocked patients with minimal urinary production [26,27].
Administration of 500 mls of a gelatine solution to patients requiring renal dialysis has not
been shown to worsen the remaining renal function [45]. But because the elimination half
life of these sOluJions is increased in patients with severe renal dysfunction (creatinine
clearance < 1/3r normal), the possibility of accumulation does arise during chronic
administration.

d. Clinically significant haemostatic defects are seldom, if at all, observed as a result of ad
ministration of gelatine solutions, even when they are administered in quantities as large
as 10-15 liters per 24 hours [20].

e. While gelatins do cause some degree of erythrocyte aggregation [28], they do not inter
fere with blood group typing or crossmatching for transfusion [29].
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f. The main problem with the gelatine solutions is the relatively high frequency of
anaphylactic/anaphylactoid reactions that they cause. This is in the order of 7-8 reactions
per 100infusions administered [see table 14.2.2], which is quite high, and is one ofthe major
impediments to wider use of these solutions.

Distribution.
Most of the solutions in clinical use are solutions ofmolecules with a mean molecular

weight of 30,000-35,000 Daltons, and so half the molecules have a molecular weight less
than this. Accordingly it is not surprising in view of the relative permeability of the capil
lary and venular endothelium to molecules with a molecular weight less than 30,000, that
about 10-20% of an administered dose diffuses into the interstitium [25,44]. This accounts
for the fact that only 60% of the infused volume remains in the circulation 5 minutes after
termination of an infusion of Haemaccel ftl [1]. For practical purposes the volume of dis
tribution may be taken as being somewhat less than twice the blood volume.

Indications.
The principle use of gelatine solutions is as a blood and plasma volume replacement

fluid.

3. Dextran solutions.
Preparations available.

See table 14.2.1 for examples of some commonly available solutions.

Clinically important properties.
a. Dextran molecules are large branched chain polysaccharide molecules produced by the
action of the bacterium Leuconostoc mesenteroides on sucrose. Molecules are produced
with a broad spectrum of molecular weights. The dextran solutions in current clinical use
contain molecules with a mean molecular weight of 40,000 Daltons (dextran-40), or
molecules with a mean molecular weight of 70,000 Daltons (dextran-70). Mean molecular
weight means that one half of the molecules in each of these solutions has a molecular
weight greater than, and the other half less than, the mean molecular weight. In the case of
the dextran-70 solutions the molecules have weights varying from 20,000 to 200,000 Dal
tons, and for the dextran-40 solutions the molecular weights vary between 10,000 to 100,000
Daltons. This has clinical implications for the excretion of these molecules.

b. After infusion of 500 mIs of a 10% solution of dextran-40, about 50% of the dextran is
been excreted in the urine by 3 hours, while it takes longer than 24-48 hours before 50% of
the dextran contained in 500 mIs of a 6% solution of dextran-70 is excreted in the urine [6].
The renal threshold for excretion of dextran molecules is about 50,000-70,000 Daltons [see
fig. 14.1.1]. Dextran molecules with molecular weights greater than the renal threshold are
unable to be excreted in the urine, and so the molecular weights of the molecules remain
ing steadily rises as urinary excretion of low molecular weight molecules continues [25].
Dextran remaining in the body is metabolized by enzymes in the liver, spleen and kidneys,
the end product ofmetabolism being carbon dioxide and water. The rate of dextran metab
olism is about 70 mg dextran/kg body weight/day [30].
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c. Dextran molecules are highly electrically charged molecules and so are attracted to, and
coat blood and endothelial cells. This reduces their surface charges, and because of this
dextran solutions cause erythrocytes to aggregate and form rouleaux and irregular aggreg
ates [37]. This increases blood viscosity, but is a problem that only occurs with dextran
preparations containing dextrans with a mean molecular weight greater than 60,000-80,000
Daltons, and is really only clinically significant for dextrans with a molecular weight greater
than 100,000 Daltons [31,33]. Aggregates may actually be so large as to cause micro
circulatory infarction, especially in the liver and myocardium [32]. Dextran solutions of
molecules with a molecular weights of 40,000 Daltons and less cause no erythrocyte
rouleaux or aggregate formation in in-vivo studies [31].

Administration of dextran-40 solutions enhances microcirculatory blood flow by
reducing the haematocrit and dilation of small blood vessels [33]. Reduction of the
haematocrit reduces blood viscosity, an effectwhich is most pronounced invessels with low
flow velocities, Le. venules arterioles, and capillaries [3].

d. Dextrans can cause erythrocyte rouleaux and aggregate formation. This can make
crossmatching of blood difficult, as aggregation of red cells is used to indicate incom
patibility to the test sera. But this is mainly a problem with the high molecular weight
dextrans with a molecular weight > 100,000 Daltons [35]. This correlates well with their
known erythrocyte aggregating effect [31,33]. Because dextran-40 only causes a minimal
degree of red cell aggregation, and dextran-70 appears to cause only a slightly greater de
gree of aggregation [28], these solutions cause minimal problems with blood grouping and
crossmatching [36].

e. One ofthe major problemswith the dextrans is that theiruse is not infrequently associated
with haemorrhagic problems. Dextran has a number of effects on primary haemostasis.
Molecules of dextran coat the platelets as well as the vascular endothelium [37,38]. They
reduce the plasma concentrations offibrinogen, factor VIII and von Willebrand's factor, so
producing a situation similar to von Willebrand's disease [40,41]. This functional deficit is
in agreement with the reduction of platelet aggregation, metamorphosis and release of
platelet factor-3 that dextran solutions also cause [37,39].

The critical dextran concentration above which a measurable reduction ofplatelet ag
gregating ability is observed, is aplasma dextran concentration 000-50 gmIl [37]. This con
centration is easily achieved. Consider the "average" 70 kg adult with a plasma volume of
2.8 liters. A plasma dextran concentration of 30 gmIl is achieved after infusion of 1.4 liters
ofa 6% solution of dextran-70 (e.g. 1.4 liters of Macrodex..... ). This is equivalent to 1-1.5 gm
dextran!kg body weight. This corresponds well with the observation that no significant ab
normality ofhaemostasis is able to be measured when dextran-70 is administered at a dose
of less than 20 mlslkg (1.4 V70 kg) [49]. However it should always be remembered that
haemorrhagic problems may still occur in some patients at a dose of 20 mlslkg, as about
46% of adult patients develop a lengthened bleeding time after administration of only 1
liter of a dextran solution [40], and the bleeding time of dogs is significantly lengthened
after more than 10% of the blood volume has been replaced with either dextran-40 or
dextran-70 [42].

f. Because the elimination half life of dextran-40 is about 9-10 hours, it is usually recom
mended that no more than 1000 mls of a 10% dextran-40 solution be infused per day if this
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Table 14.2.3.
Properties of various Intravenous fluids [1,16,17,45].

FLUID
T1/2e Water

binding
(mls H20/

gm colloid)

Volume
Increase
(%vol.
Infused)

Volume of
distribn.
(hours)

Duration
of effect

Glucose 5% 5% TBW < 1 hour

NaCIO.9% 10-12% ECFV < 1 hour

Ringer's lactate 10-12% ECFV < 1 hour

Gelatine 8.4-17 hrs 39 50-60% 2xBV >4 hours
(MW = 35000)

Dextran-40 9-10 hrs 37 133% BV >4 hours
(MW=40000)

Dextran-70 24 hrs 29 112% BV >4 hours
(MW=70000)

Plasma
(Albumin 5-10 days 17.4 84% BV >4 hours
MW=67000)

Whole blood 75% BV >4 hours

T1/2e = pharmacokinetic elimination half life of the molecule.
Water binding = volume of water bound per gram of colloid.
Volume Increase = percentage of volume of solution infused that
remains in the circulation.
Duration of effect = duration of clinically useful blood volume
replacement effect.

solution is to be regularly administered. Regular infusion of a greater quantity per day may
cause haemorrhagic problems due to accumulation of dextran.
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g. The use of dextrans is associated with a relatively high frequency of anaphylact
oid/anaphylactic reactions [see table 14.2.2], although this appears to be confined more to
dextran-70 than dextran-40. In fact the use ofdextran-40 is associated with as low a frequen
cy of allergic reactions as plasma.

h. One problem limiting the use of dextrans is the possibility of renal damage. Infusion of
dextran solutions into normovolaemic humans and animals increases the urine production
[46,48]. The urinary osmolality increases after dextran-40 infusion [47], but does not in
crease after infusion of dextran-80 [46], as the higher molecular weight dextran molecules
cannot enter the glomerular filtrate. However the elevation of urine output is a consequ
ence of the elevation of the cardiac output due to an increased blood volume, and not due
to any osmotic effect of dextran molecules in the urine [47].

Administration of dextran solutions to hypovolaemic humans and animals has several
deleterious effects. The urinary viscosity increases enormously, and the urinary output
drops in hypovolaemic humans after the administration of dextran 40 at a dose of 1gm/kg
body weight [47]. In addition to this, animal studies show that the kidneys enlarge due to
dilation ofthe tubuleswith thickviscous fluid [47]. Presumably this thick and viscous tubular
fluid limits urinary flow in the tubules. There have been several reports of renal failure due
to administration of dextran-40 to patients in established shock with oliguria [43]. Because
of this it is advisable not to use dextran-40 for initial resuscitation ofhypovolaemic patients,
if other colloidal solutions are available, e.g. gelatines, plasma.

Distribution.
Dextran solutions are always hypertonic relative to plasma, because the dextran

molecules are always dissolved in either a 5% glucose or a 0.9% NaCl solution. According
ly it is not surprising that shortly after infusion the measured increase of blood volume is
greater than the infused volume, as the now hypertonic plasma draws water into the circula
tion from both interstitium and the cells. Dextran-40 solutions have agreater blood volume
elevating effect than do dextran-70 solutions [1, see also fig. 14.2.1]. This is because solu
tions of dextran-40 contain a greater number of dextran molecules per unit weight dextran
than does dextran-70., and the dextran-40 solutions contain a higher concentration of
dextran than do the dextran-70 solutions. The duration of the blood volume elevation in
duced by dextrans is almost as enduring as that caused by infusion of blood or plasma [1].

Indications.
The principal use ofdextran solutions is as aplasma and bloodvolume replacing fluid.
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Chapter 14.3

PRINCIPLES OF FLUID THERAPY

EFFECTS OF TRAUMA AND SURGERY
Trauma and surgery have a profound effect on body metabolism, and renal handling

of water and electrolytes. This has consequences for perioperative fluid and electrolyte
management.

The effect of surgery and trauma is to cause renal water and sodium retention, an ef
fect which is observable within minutes after surgery is commenced [1,2,3,8]. Renal sodium
excretion is halved from the normal average rate for adults of 167 mmoVday, to about 83
mmoVday in adult postoperative patients [3]. The plasma sodium concentration does not
fall or change significantly despite the water retention, unless large volumes ofsodium poor
fluids are administered perioperatively [4,5].

The plasma colloid osmotic pressure falls due to a reduction of the plasma albumin
concentration [8].

The duration of the sodium and water retention, as well as the reduction of plasma
albumin concentration, depends on the magnitude of the surgery performed, and may last
as long as 2-7 days after major surgery [1,2,3,8].

There are a number of possible causes of postoperative or post-traumatic water and
sodium retention.

1. Antidiuretic hormone (ADH).
ADH secretion increases perioperatively [4,6]. The magnitude ofthe ADH response

to surgery is independent of the presence of hypovolaemia [4], and appears to be a direct
consequence of surgical stress. Postoperatively, ADH secretion remains increased for up
to 2-7 days depending on the magnitude of the surgery performed.

2. Adrenocortical hormones.
Plasma concentrations ofglucocorticoid and other adrenocortical hormones, e.g. cor

tisol and aldosterone, are elevated for up to 2-7 days after major surgery [7]. This causes
both sodium and water retention in this time period.

3. Sympathetic nervous actiVity.
Increased sympathetic nervous system activity decreases total renal blood flow and

changes the intrarenal distribution ofblood flow too. Flow in the vessels supplying the cor
tical nephrons is reduced to a greater degree than flow in the vessels supplying the jux
tamedullary nephrons. As it is the juxtamedullary nephrons which have the long loops of
Henle and vasae reetae, it is these nephrons that are most active in concentrating the urine,
and so one result of these intrarenal changes in blood flow distribution is that water and
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sodium retention occur [7]. The role of the sympathetic nervous system in perioperative
sodium and water handling is shown by the effect ofepidural anaesthesia sufficient to block
the thoracic spinal roots T6-T12. This blocks the sympathetic nervous innervation of the
kidneys, and significantly increases perioperative sodium excretion, but not water excre
tion, while the nerve blockade lasts [7].

EFFECTS OF SURGERY ON TRANSCAPILLARY EXCHANGE
Prior to reviewing clinical studies of the effects ofsurgery, and developing a model of

perioperative fluid exchange and therapy, it is instructive to first view a simple model of the
effect of surgery and trauma on transcapillary fluid exchange. This may be done using a
model ofwhich mostpeople have some experience, andwhich despite its simplicityprovides
useful didactic insights into the substance of this chapter.

Consider the effects of letting a heavy stone fall on some unfortunate person's foot.
The foot swells. This swelling does not occur immediately, but develops over several hours,
being maximal after a day. The fluid causing the swelling is obviously brought to the foot
by the circulation, fluid flowing out of damaged blood vessels into the traumatized tissues.
If the swelling is not due to a massive haematoma, the fluid causing the swelling is either a
plasma filtrate or plasma that has flowed into the interstitium. If the foot which has been
maltreated in such a way does not become necrotic, this is evidence that capillary circula
tion is maintained in the swollen traumatized regions. After a day or two the swelling begins
to subside due to resorbtion ofoedema fluid into the circulation as healing of the damaged
vascular endothelium occurs.

This is a very simple model, but it is also a very accurate description of the events oc
curring in a traumatized or operated region of the body. Surgery, and trauma which occur
anywhere in the bodyhave precisely the same effects. Thevarious components ofthis model
will be discussed in detail in this chapter along with their clinical consequences.

1. Traumatic and inflammatory oedema and ''third space" losses.
Tissue damage due to surgery, trauma and inflammation may cause actual mechani

cal disruption of blood vessels in the affected tissues, and so blood leaks into surrounding
tissues or into wounds. Lesser degrees of damage in directly, or indirectly traumatized or
inflamed vessels may not cause mechanical disruption of capillary endothelium, but does
increase capillary and venular endothelial protein permeability by up to 7-9 times normal
[9]. In both situations the endothelial barrier to protein movement into the interstitium is
no longer effective, with as a result the plasma proteins diffuse readily into the interstitium
[10], and the intravascular and extravascular protein concentrations equalize.

Because the colloid osmotic pressure difference between plasma and the interstitium
no longer exists, the only factor governing transcapillary fluid exchange are the fluid pres
sure differences between the interstitium and inside the capillaries and venules. Capillaries
and venules are collapsible vessels kept open by the fact that the blood pressure inside these
vessels is higher than the tissue pressure, and so plasma always flows out of damaged ves
sels. The rate at which plasma is lost from damaged vessels is determined by the magnitude
of the damage and the intravascular-tissue pressure difference. That this is so is well
demonstrated by the clinical observation that not all traumatized and operated tissues be
come necrotic as they would if the tissue pressures were higher than, or equal to, the capil
lary blood pressure. If plasma flows into the interstitium at a rate faster than the rate at
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which it can be removed by the lymphatic system, interstitial oedema occurs. Interstitial
oedema due to trauma or inflammation is called the 'Third Space" [see fig. 14.3.1].

There are a number of properties of the third space which are well worth discussing
because of their clinical relevance.

a. Type of fluid forming third space.
The fluid that flows through the damaged vascular endothelium into the interstitium

to form the third space is plasma. This is well shown by the leakage of albumin into the in
terstitium of operated regions [10], and the demonstration ofapostoperative plasma deficit
which is not explained either by blood loss, or loss ofplasma into wound exudate [11,13].

LOCAL EFFECT OF TRAUMA, SURGERY, INFLAMMATION

ARTERIOLE P,e,,"'''' = 32 mrnHg I
----..~~ Ptc = (32-(-2))-(28-28) = 34 mmHg

Colloid osmotic
Interstitial fluid
pressure = -2 mmHg

CAPILLARY

VENULE

pressure = 28 mmHg Colloid osmotic
I I pressure = 28 mmHg

I I

::r Pte = (12-(-2))-(28-28) = 14 mmHg

IP,,,,,,,,,, = 12 mmHg

FIGURE 14.3.1. -Trauma, surgeryand inflammation greatlyincrease the capillaryand venular
endothelial permeability to proteins. This means that plasma can flow into the interstitium of the
damaged area. The result is that transcapillary fluid exchange is governed only by the intravas
cular to interstitial fluid pressure difference, as there is no longer any colloid osmotic pressure
difference between the plasma and the interstitial fluid. In practice this means that plasma flows
out of the damaged vessels causing interstitial wound oedema, the so-called "third fluid space" of
surgical patients.

b. Interstitial oedema, the ECFV, and transcapillary refill.
Traumatic or inflammatory interstitial oedema only forms if the rate of plasma

removal by lymphatics is less than the rate at which plasma flows into the interstitium
through the damaged vascular endothelium. Because the integrity of the vascular en
dothelium is lost, no transcapillary refill occurs in an inflamed or traumatized region, as this
is a process requiring a transcapillary colloid osmotic pressure difference. Because of this
the plasma in traumatic or inflammatory oedema does not form a part of the functional
ECFV, and so it may be considered to form a third fluid compartment, i.e. intracellular and
extracellular fluid compartments, and a "third-space" due to a volume of non-functional
traumatic or inflammatory oedema.
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Measurements of the ECFV after major operations yield varying results. H large
volumes of crystalloid solutions are administered perioperatively the postoperative ECFV
is actually greater than the preoperative ECFV, because ofECFV expansion due to these
fluids [12,14]. So it is not surprising that if the volume of fluid that is infused is taken into
account, that the postoperative ECFV is the same as that measured preoperatively [12,14].
Some investigators have found a postoperative reduction of the ECFV postoperatively in
comparison with the preoperative ECFV [15,16]. Such results may indicate a reduction of
functional ECFV, which is a finding consistent with the volume of the ECFV involved in
the wound oedema. Or it may be a be a manifestation of an incorrect ECFV measurement
technique, as has been proposed by investigators who have failed to find any reduction of
the ECFV postoperatively [12].

Table 14.3.1.
Volume of wound oedema related to the type of surgery.

0-850
(mean =300)

Type of surgery Plasma volume
lost (mls)

Thyroidectomy.
parathyroidectomy,
simple mastectomy [11]. 0

Cholecystectomy,
vagotomy, gastric resection,
gastrojejunostomy,
colon resection
[11,13,31].

% of total
plasma volume

o

0-30%
(mean = 10%)

* Aortic reconstruction,
cystectomy, pancreatic
resection [18,19,20]. 1100-2100 35·67%

* Derived from the volumes of albumin required to maintain
normal oncotic pressure and haemodynamic function.

c. Duration of third space fluid loss.
Plasma continues to flow into the interstitium until the interstitial fluid pressure

equals the intravascular pressures, and until healing and repair of the damaged vascular en-
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dothelium has occurred. The situation of equal tissue and intravascular pressures is ap
parently never achieved clinically, as most wounds heal instead of becoming necrotic.
Necrosis would occur if the intravascular and interstitial pressures were to equalize, as then
there would be no pressure difference to keep the small collapsible arterioles, capillaries
and venules open.

Clinical studies of patients undergoing major abdominal surgery show that the re
quirement for a fluid input above normal requirements in order to replace third space los
ses disappears after 24 hours [17,18,19]. It may be assumed from this that significant third
space losses may continue as long as 24 hours postoperatively. This has obvious implica
tions for the postoperative care of patients who have undergone major surgery.

d. Magnitude of operation & third space volume.
The volume ofthe third space losses varies with the operative site. The plasmavolume

deficit (i.e. third space loss), is minimal to absent after operations such as thyroidectomy,
parathyroidectomy or mastectomy, but may be as much as 30% of the preoperative plasma
volume as a result of operations such as cholecystectomy, or portocaval shunt [11, see also
table 14.3.1].

e. Duration of operation & third space volume.
The volume of the third space loss is directly proportional to the duration of opera

tion [11], as the longer the operation lasts, the greater the volume of tissue damaged.

2. Systemic effects.
Perioperative third space losses have two major consequences.

a. Third space fluid losses (i.e. plasma losses), causes hypovolaemia in patients undergoing
major trauma or surgery without administration of intravenous fluids to replace the losses
[2].

b. Plasma lost into the interstitium is normally replaced by fluid entering into the circula
tion by transcapillary refill from undamaged capillary beds. This is fluid which has a lower
protein concentration than plasma, and accordingly the plasmaprotein concentration drops
perioperatively [8,19], predisposing to the development ofgeneralized perioperative inter
stitial oedema [see fig. 14.1.6].

A MODEL OF FLUID EXCHANGE DURING SURGERY &TRAUMA
Effective and safe intravenous fluid therapy of common clinical problems of fluid

deficits (e.g. haemorrhage), or problems of redistribution (e.g. third space losses), requires
that the clinician have a clinically usable model of these processes, an understanding of the
effects of intravenously administered fluids, and of the basic physiology of the clinical dis
orders treated. All these factors have been discussed above, as well as in the previous chap
ters. They will now be unified in a simple clinical model able to be used for making thera
peutic decisions for most problems of fluid balance arising during inflammatory diseases
and in the perioperative period. A flow chart of this model is shown in figure 14.3.2.
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VR = co + IR • lnd • lei

IR
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Z
(J)

Normal transcaplllary
fluid exchange

NORMAL TISSUE

co = VR

Only water, electrolytes, and
crystalloid fluid can leak out

NO TRANSCAPILLARY REFILL!!
Plasma, colloid and crystalloid

Infusion fluids can leak out!

DAMAGED TISSUE

BLOOD LOSS

FIGURE 143.2.-Thisisadiagram ofthe modeloftranscapillaryfluid exchange duringtrauma,
surgery or inflammation. The symbols used in the equations in the upper part ofthe figure, as well
as a full description of the model are to be found in the text.

1. Veins and arteries are Impermeable.
The walls ofveins and arteries are impermeable to all fluids and all molecules, regard

less of molecular weight.
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2. Permeability of normal venular and capillary endothelium.
Capillary and venular endothelium of normal undamaged tissue is relatively perme

able to molecules with a molecular weight of less than 30,000 Daltons [see chapter 14.1].
Because of this, normal capillary and venular endothelium is totally permeable to crystal
loid infusion fluids, is relatively impermeable to plasma'and colloidal infusion fluids, and
quite impermeable to cells such as erythrocytes etc.

3. Permeability of damaged venular and capillary endothelium.
The permeability of inflamed or traumatized venular and capillary endothelium is so

increased that the endothelium of these vessels no longer presents a barrier to protein
movement, and in fact is freely permeable to both colloid as well as crystalloid infusion
fluids. Actual mechanical disruption of vessels only exacerbates this by permitting ex
travasation of cells too. Because the vascular endothelium no longer is a barrier to protein
movement, the intravascular and interstitial protein concentrations in traumatized and in
flamed tissues equalizes.

4. Third space losses.
Plasma is lost into inflamed or traumatized tissue, and this is the cause of traumatic

or inflammatory oedema, "third space loss".

5. Transcapllfary refill.
No transcapillary refill occurs from an inflamed traumatized region. Any trans

capillary refill that occurs takes place in venules and capillaries in undamaged regions of
the body.

6. Urinary losses.
Ifboth blood pressure and cardiac output are high enough, the kidneys produce urine

[see chapter 9.2]. Polyuria may cause significant loss of water. Urinary losses reduce the
TBW [see urine composition table 14.1.3]. As the plasma volume is only about 8% of the
TBW [see table 14.1.1], it is apparent that considerable quantities of urine must be lost
before a significant reduction of plasma volume occurs.

7. Evaporation, and-pure water losses.
a. Physiological losses.

An average adult in a temperate climate loses water from the respiratory tract at a
rate of about 200-500 mis/day. Evaporative water loss also occurs from the skin, and this is
also about 200-300 mis/day in temperate climates.

The rate of evaporative water loss increases with environmental temperature, and is
given by the regression formula below for the environmental temperature range 21-35°C
[21]. It is apparent from this formula that physiological evaporative water losses during the
perioperative period are only significant at environmental temperatures of about 30°C,
being about 2000 mis/day.

EVAPORATIVE WATER LOSS(mls/day) = 217 x TEMPfC) - 4545 .....(1)

b. Evaporation from operative wounds.
Pure water may also be lost by evaporationfrom wound surfaces. Here there is a situa

tion where there is a raw warm wet wound surface exposed to a relatively cool operating
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room environment. In situations where the surface so exposed is on the skin surface, e.g.
burns, this loss is likely to be significant.

Perioperative evaporative water loss is unlikely to be very significant in adults during
most operations, even major ones. Evidence for this contention is provided by the fact that
the plasma sodium concentration never increases postoperatively, it always decreases, or
at best remains the same. Ifevaporative water loss was significant, the plasma sodiumwould
increase or remain the same, but it would never fall, as sodium does not evaporate. The ef
fect of a given degree ofevaporative water loss on the plasma sodium concentration can be
calculated, making the assumption that loss ofpure water decreases the TBW, and not the
ECFV alone. As the ECFV is about 36.4% of the TBW, and the ECFV is about 20% of the
body weight, one then gets equation 2.

0.2 x WEIGHT x [Na]1
[Na]2 = ......(2)

0.2 xWEIGHT • 0.364 x LOSSwater

[Nah = initial plasma sodium concentration in mm01ll.
[Na]2 = plasma sodium concentration after water loss in mm01ll.
WEIGHT = body weight in kg.
LOSSwater = volume of pure water loss in liters.

Assuming an "average" 70 kg adult with an initial preoperative plasma sodium con
centration of 140 mm01ll, the effect of a pure water loss of 1000 mls is to elevate the plas
ma sodium concentration to 144 mm01ll. This change is not great, but no such consistent
small elevation of the plasma sodium concentration has ever been reported as a result of
surgery. For this reason perioperative evaporative water losses from most wounds is likely
to be insignificant in situations where the operating room is relatively cool, and where the
surgeons operate within a body cavity.

c. Physiological effect of pure water loss.
Loss ofwater by evaporation is loss ofpure water. This reduces the total body water,

and because of this a very large amount ofwater indeed must evaporate before the plasma
and blood volumes decrease to any significant degree in an adult.

The effect ofevaporative water loss on blood and plasmavolume is readily calculated.
Plasma volume is about 8% of the total body water [see table 14.1.1]. Consider anevapora
tive water loss of 2000 mls. The reduction of plasma volume that such a large evaporative
loss causes is 160 mls, hardly a major loss ofblood volume in an adult. Inpractice this means
that evaporative water losses of up to 2 liters or more in an adult has a minimal to absent
haemodynamic effect. This is however not the case in children, in whom such an evapora
tive loss causes a proportionally greater percentage reduction of the blood volume.

8. Distribution of Intravenously administered fluids.
All of the fluid infused into a central or peripheral vein enters the heart, regardless

of the composition of the fluid, as no fluid can pass through the walls of normal veins. This
fluid is in its tum pumped out of the left ventricle into the arterial system.
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It is true that some of the fluid pumped out of the right heart may enter the inter
stitium ofthe lungs, especially ifthey are traumatized or inflamed. But this volume is minus
cule in comparison to the rates of most intravenous infusions. Ifsignificant volumes of in
travenously infused fluids were to enter the pulmonary interstitium, most patients would
develop fulminant lethal pulmonary oedemaas a result ofintravenous infusions as the max
imal human pulmonary lymphatic flow rate is about 200 mlsIhour [22], which is much less
than the rates ofmost peroperative intravenous infusions. The fact that this does not occur,
means that essentially all the intravenously administered fluids enters the arterial system.
Cardiac output and venous return may then be expressed by equations 3 and 4.

and
CO =VR + IR ..••....(3)

CO =VR + IR -1.d - Lnd .........(4)

CO = cardiac output in liters/min.
VR = venous return in liters/min.
IR = infusion rate in liters/min.
ld = rate of blood and fluid loss into damaged tissues in liters/min.
Lnd = rate of fluid lost into non-damaged tissue in liters/min.

The above equations all look rather forbidding, but all that they say is that if blood
volume is lost faster than it is replaced, the cardiac output will fall.

USE OF MODEL, AND HAEMODYNAMIC EFFECTS OF VARIOUS FLUIDS
The model described above is ofconsiderable utility for explaining, as well as predict

ing, the effects of any fluid therapy administered after trauma, in the perioperative period,
or for fluid balance problems caused by regional inflammation e.g. adult respiratory dis
tress syndrome.

The results of fluid therapy with different intravenous infusion fluids vary with the
type of solution infused [see figure 14.3.3].

1. Ringer's lactate or 0.9% NaCI.
Consider an intravenous infusion of Ringer's lactate or 0.9% NaCI solutions. When

infused intravenously these fluids mix with the venous blood flowing to the heart, increas
ing the volume ofblood returning to the heart per unit time. All of the fluid infused passes
through the right heart, as none is able to be absorbed into any tissues from the peripheral
or central veins. This increases the cardiac output [see equation 3].

The haemodynamic situation is improved by infusion of these fluids, and they are dis
tributed through the arteries to both damaged and undamaged tissues. Normal capillary
and venular endothelium is permeable to these fluids, and the vessels in the damaged
regions are certainly permeable. Ringer's lactate or 0.9% NaCI enters the interstitium of
both damaged as well as undamaged tissues, and the total ECFVincreases [12,14]. Distribu
tion of both of these solutions throughout the ECFV is essentially complete by 5 minutes
after termination ofa rapid infusion (e.g. 500mls in 10minutes) [see chapter 14.2]. Because
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FIGURE 14.3.3. - The differences in both magnitude, and duration of clinical effect after in
travenous infusion of 500 mls of various fluids in human patients over a period of one hour for
treatment of postoperative hypovolaemic shock is well illustrated in this figure. This figure is a
modified composite of those in reference 23.

the plasma volume is only 20% of the ECFV, only about 20% of the infused fluid remains
in the circulation, the rest being distributed throughout the interstitium and the third space.

Indeed, clinical investigation has confirmed the above. The elevation of cardiac out
put due to infusion of 0.9% NaCI in patients with postoperative hypovolaemic shock is in
itially of the same order of magnitude as that due to plasma or blood etc, but subsides to
insignificance within 30minutes after redistribution has occurred [23,24, and see fig. 14.3.3].
It is apparent that if it is desired to replace a plasma volume deficit with either Ringer's lac
tate or 0.9% NaCI, that the systemic haemodynamic effects ofagivenvolume ofthese fluids
is only short lived, and that the infusion volume must be about 4-5 times the plasma volume
deficit, if the plasma or blood volume deficit is to be replaced. In practice this is actually
less, about 2-4 times the plasma volume deficit being required [15,17,18,20].

The use ofcrystalloid solutions not only means that large volumes must be infused for
only a temporary haemodynamic improvement, but also that interstitial swelling occurs
when they are used in significant quantities. For example, consider aperioperative infusion
of 3 liters of 0.9% NaCl or of Ringer's lactate in an average 70 kg person. At best, only 750
mls remains in the plasma, while the rest of the infused volume is distributed throughout
the ISFV. The ISFV in a person of this weight is about 10.5 liters, which means that the ad
dition of an extra 2.25 I increases the ISFV by 21%. This is a considerable elevation of the



542 Chapter 14.3

ISFV, and is clinically significant. Some of the problems reported after perioperative in
fusion of 3-5 liters of Ringer's lactate and 0.9% NaG in adults are listed below.

• Increased Vd/Vt (dead space/tidal volume ratio) [17].
• Increased (A-a)D02 [17,18,20,24].
• Increased chance ofpulmonary oedema [18,25].
• Peripheral oedema [18,19].

Table 14.3.2.
Replacement fluids Indicated for various types of fluid losses.

Fluid lost

WATER

ECFV

PLASMA

BLOOD

Replacement fluid Indicated

- Glucose 5%, Glucose/Saline solutions.

- Ringer's solution, 0.9% NaC!.

- Plasma.
- Plasma protein, dextran, and gelatin solutions.

- < = 10-15% blood volume - replace loss with a
plasma substitute, e.g. gelatin, dextran solutions.

- > 10-15% blood volume - replace loss with blood.

2. 5% glucose solution.
The situation here is much the same as for 0.9% NaCI or Ringer's lactate, except that

the final volume ofdistribution is theTBW. This means that the elevation ofplasma volume
is even less than that due to an equivalent volume of 0.9% NaCI or Ringer's lactate.

3. Colloid solutions.
The effects of infusion of a colloidal solution into traumatized patients, or those with

a regional inflammatory disorder, e.g. adult respiratory distress syndrome, are quite dif
ferent as is apparent from figures 14.3.2 and 14.3.3. These solutions also mix with the blood
returning to the heart and elevate the venous return and cardiac output, (CO = VR + IR).
The reason for the different duration of haemodynamic effect is their volume of distribu
tion. Normal undamaged capillary and venular endothelium is relatively impermeable to
molecules with a molecular weight greater than 30,000 Daltons [see chapter 14.1]. Accord
ingly little of the infused colloid solution enters the interstitium of normal tissue. But the
vascular endothelium of damaged tissues is very permeable to all molecules regardless of
molecular weight, and so some of the infused fluid enters the interstitium of the damaged
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region. Ifthe volume of traumatized or inflamed tissue is not large inproportion to the body
volume, the majority of the infused volume of a colloid solution remains in the blood. The
plasma volume remains elevated, and an enduring elevation of blood volume and cardiac
output for agiven volume of infused fluid are the result of the infusion ofa colloid solution
to a hypovolaemic person. Inpractice the volume ofa colloidal solution required to restore
a given plasma volume deficit is about equal to the volume ofplasma deficit.

As the ISFV of normal undamaged tissue does not increase when colloidal fluids are
used to restore plasma volume deficits in perioperative or traumatized patients, the
problems associated with an excessive ISFV, Le. interstitial oedema, do not really arise
[17,18,19,20,24,25].

CLINICAL INDICATIONS FOR VARIOUS INTRAVENOUS FLUIDS
The above discussion points to really only one system ofefficiently replacing fluid los

ses. Replace any fluid losses with a similar fluid, or a substitute which is distributed
throughout the same volume in the body and can perform the same function [see table
14.3.2].

ADULT RESPIRATORY DISTRESS SYNDROME (ARDS)
Much is spoken and written about ARDS because it is a serious condition with a high

mortality which varies between 20-83% [28]. ARDS is the result of traumatic or inflam
matory oedema of lung tissue, just as perioperative, traumatic, or inflammatory oedema is
oedema of other tissues. Unlike traumatic or inflammatory oedema elsewhere in the body
its course is readily followed by serial chest X-rays, arterial blood gases, and the pressures
in the vessels entering and leaving the lungs are easily measured. Its location makes it a
relatively easily studied form of traumatic or inflammatory oedema.

The same colloid osmotic and fluid pressure forces regulate the flow offluid into and
out of pulmonary interstitium as in all other tissues. Pulmonary interstitial fluid volume
begins to increase when the left atrial pressure, (a measure ofpulmonaryvenous pressure),
is greater than 23 mmHg in normal lungs, and this critical pressure is reduced by hypoal
buminaemia [26]. Such an increase in interstitial fluid volume only occurs when the rate of
fluid flow into the interstitium into the interstitium exceeds the rate of interstitial fluid
removal by pulmonary lymphatics. The estimated maximum rate of pulmonary lymphatic
flow in normal human lungs is thought to be about 200 mlslhour [22].

Because the capillary and venular endothelium in damaged regions of lung is perme
able to proteins regardless of molecular weight, the volume of interstitial fluid in patients
with ARDS is independent of the plasma colloid osmotic pressure [27,32]. In other words
the ARDS affected lung regions behave in precisely the same way as any other traumatized
or damaged tissue. It is apparent that therapy of patients with ARDS with albumin con
centrates in the hope of reducing the extravascular lung water in the affected lung regions
is ineffective. However it is effective in reducing extravascular lungwater in normal regions
of the lung, especially in hypoalbuminaemic patients [22].

THE "COLLOID-CRYSTALLOID" NON-CONTROVERSY
No mention has as yet been made of the so-called "colloid-crystalloid controversy".

The controversy is about whether to replace inflammatory or traumatic plasma volume
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deficits with crystalloid or colloid infusion fluids. In the opinion of this author this is a non
controversy, as has been made evident by the discussion of the relative effects ofcrystalloid
and colloid fluids in the preceding chapters.

The volumes of crystalloid solutions required to replace a given plasma loss is about
2-4 times greater than the volume of plasma lost. Because these solutions are distributed
throughout the ECFV, such volumes cause an increase of the whole body ISFV with all the
consequences of this. Furthermore, as their distribution throughout the ECFV is essential
ly complete within 5-15 minutes their haemodynamic and blood volume replacing effects
are short lived. In contrast to this, the colloid solutions are distributed onlywithin the blood
volume, and the interstitium of the regions of damaged tissue. Because of this the volume
required to replace a given volume of plasma or blood is only slightly greater, or equal to
the volume lost. The haemodynamic and blood volume increasing effect is also greater in
comparison to crystalloids, and is more enduring, lasting some hours. But colloidal solu
tions are associated with an increased morbidity due to histamine release, anaphylactic and
anaphylactoid reactions, bleeding problems etc.

The relative merits of these two forms of therapy reduce to the simple question of
which is more effective and associated with the least clinical problems. The conclusions of
one researcher in this field, Dr W.C.Shoemaker are particularly relevant. He stated in one
paper, "With regard to the cost problem, albumin does cost more than saline solution, but
1 day in the intensive care unit costs the equivalent of 30-50 units of albumin, and if the
patient gets well faster and has less complications (especially less adult respiratory distress
syndrome), certainly colloids are more cost-effective" [29]. Cost is used as a determining
factor because the more care a person requires due to ineffective fluid therapy, the more
the management ofthat person costs. These costs are those ofthe time ofnurses, physicians,
complications due to hypovolaemia, apossible requirement for admission to amore expen
sive higher care unit for postoperative management, and possibly a longer stay in hospital
after operation due to complications arising from ineffective management. This conclusion
[29] is supported by other studies [17,18,20,24,25], which have also shown that infusion of
crystalloid solutions is less effective than infusion of colloidal solutions for replacement of
plasma and blood volume deficits.

As to the question ofwhich is the best colloid solution to use, one large study done to
compare the cost effectiveness of various colloid solutions came to the conclusion that
dextran-40 solutions were the cheapest colloidal solution to use. This cost-efficacy analysis
also took account of the cost of the complications associated with the use of various col
loidal solutions such as dextrans, albumin, hydroxyethyl starch, and gelatine solutions [30].

In conclusion, the most effective fluid therapy is infusion of a fluid that does no more
than replace the deficit for which it is administered.
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Chapter 14.4

HVPOVOLAEMIA

Hypovolaemia may be defined as a volume-capacitance mismatch. That is, the blood
volume is less than is required to fill the vascular system to a normal mean circulatory fill
ing pressure. The vascular system is normally filled so that there is an intravascular pres
sure ofabout 7 mmHg during circulatory arrest, the "mean circulatory filling pressure", and
it is this pressure which is the principal determinant of the rate at which right ventricular
filling occurs during diastole, and hence cardiac output [9]. Decreased blood volume or
vasodilation may reduce the mean circulatory filling pressure to such a degree that the car
diac output falls because of reduced venous return. From this it is apparent that two types
of hypovolaemia may be defined, relative and absolute.

Absolute hypovolaemia.
This is hypovolaemia due to an actual reduction of the blood volume below normal.

Baroreflex activity causes vasoconstriction, and increases both heart rate as well as myocar
dial conctractility. These processes tend to maintain arterial blood pressure and cardiac
output unless their capacity to compensate is reduced or exceeded. Some of the causes of
absolute hypovolaemia are listed below.

1. Haemorrhage.
2. Excessive plasma losses from burned or traumatized body surfaces, or losses into

traumatic/surgical oedema (i.e. third space losses).
3. Excessive water losses, e.g. dehydration as a result of insufficient water intake, bowel

obstruction with sequestration of fluid into intestines, excessive evaporative losses.

Relative hypovolaemla.
Vasodilation due to any cause increases the capacitance of the vascular system rela

tive to the blood volume. Baroreflex activity increases both heart rate and myocardial con
tractility, processes which tend to maintain arterial blood pressure and cardiac output, un
less their capacity to compensate for reduced cardiac filling pressures is reduced or ex
ceeded. Once this latter point is exceeded, the cardiacoutput falls. Various common causes
of relative hypovolaemia are listed below.

1. Spinal or epidural blockade cause vasodilation secondary to sympathetic nervous system
blockade.

2. Vasodilator drugs increase the volume of the vascular system.
3. Overdosage of sedative and hypnotic drugs causes vasodilation by a direct effect on vas

cular smooth muscle, as well as a degree of depression of sympathetic nervous activity.
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4. Normal induction, and anaesthetic doses of anaesthetic drugs may have a direct
vasodilator effect as well as causing sympathetic nervous system depression [see chapter
2.1].

CLINICAL MANIFESTATIONS
The main effect of hypovolaemia is a reduction of the cardiac output as a result of

reduced filling pressures. Extreme hypovolaemia causes circulatory shock. Baroreflexes
minimize the effects ofreduced intravascularpressures, by causingvasoconstriction, as well
as increasing myocardial contractility and heart rate, all of which tends maintain the car
diac output and arterial blood pressure [see chapter 8.6]. The typical manifestations of
hypovolaemia are;

• Tachycardia.
• Peripheral vasoconstriction.
• Reduced mean and systolic blood pressure together with a reduction of the pulse

pressure.
• Reduced urine production.
• Air hunger.

Haemorrhagic hypovolaemia is the best studied form ofhypovolaemia, and the clini
cal manifestations have been found to be related to the percentage blood loss [see table
14.4.1]. The critical percentage blood volume reduction in healthy adult humans before
haemodynamic and other changes occur appears to be 10-15% of the blood volume [table
14.4.1]. All the changes are more profound after rapid rather than slow haemorrhage or
hypovolaemia [4,5], in persons under general anaesthesia, and in those inwhom the efficacy
of the baroreflexes are reduced [see chapter 8.6].

PROBLEMS DUE TO HYPOVOLAEMIA
1. Reduced cardiac output and blood pressure.

If the blood volume deficit is greater than 10-15% of the normal blood volume, the
cardiac output decreases significantly as a result of decreased filling pressures, despite in
creased heart rate and myocardial contractility. Simultaneously there is also a barorecep
tor mediated elevation of systemic vascular resistance. Should the product of both cardiac
output (CO) and systemicvascular resistance (SVR) decrease, the mean arterial bloodpres
sure (MABP) also decreases, reducing the perfusion pressures of all organs. The relation
ship between these parameters is shown by equation 1.

MABP = CO xSVR ......(1)

Hypoxic damage occurs if the MABP or cardiac output fall below critical levels for
any organs [see chapter 2.7 for these critical values for brain, heart and kidneys].
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Table 14.4.1.
Physiological effects ofdiffering degrees ofexperimental haemorrhagic hypovolaemia
in healthy young human volunteers.

% ReductIon of ClinIcal effect
blood volume

< 10-15% [1,2,3] - Reduced central venous pressure.
- No change in pulse rate or systolic blood pressure.
- Urine production decreases.

> 10-15% [3,4,5] - Increased pulse rate.
- Decreased cardiac output.
- Decreased mean and systolic arterial blood pressures.
- Decreased central venous pressures.
- Increased systemic vascular resistance.
- Decreased oxygen flux.
- Decreased urine production.

>30-40% [6] • Circulatory shock.

2. Altered effects of drugs.
Hypovolaemia considerably modifies anaesthetic drug pharmacokinetics and

pharmacodynamics, slowing the redistribution and elimination of drugs, as well as poten
tiating their cardiovascular depressant and hypnotic effects [see chapter 15.2]. These fac
tors should always be taken into account whenever administering anaesthesia to
hypovolaemic patients.

a. Effect of reduced blood volume.
Many drugs used in anaesthesia are administered intravenously, and are initially only

distributed throughout the blood volume. If the blood volume is reduced, the initial con
centrations of any intravenously administered drug will be higher than normal for any given
drug dose. The initial concentration will in fact be elevated by the same percentage as the
percentage blood volume deficit [see equation 2 below]. A consequence of this is that the
minimum hypnotic and anaesthetic dosages of intravenous hypnotic agents are reduced by
the same percentage [13].

CONCENTRATION OF DRUG IN BLOOD
DOSE

= BLOOD VOLUME .....(2)
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As the initial plasma concentrations of intravenously administered drugs are initially
higher than normal for agiven dose, the cardiovascular depression induced by many anaes
thetic drugs is more profound [see chapter 15.2]. This explains the extreme cardiovascular
depression due to thiopentone [14], ketamine [14], and midazolam [15] when administered
to hypovolaemic animals and humans.

b. Effect of reduced cardiac output.
A reduction of cardiac output means that any drug injected intravenously remains

longer than usual in the so called central blood volume, i.e. blood which perfuses brain,
liver, kidney, and heart. As an injected drug remains longer in the central blood volume,
more time is available for the drug to diffuse into these tissues from the blood, and both a
higher tissue concentration as well as a greater drug effect is achieved in these well per
fused tissues. The effect of this is to enhance cardiovascular depressant and hypnotic effects
of drugs that have these effects.

Some confirmation for these hypotheses is provided by human studies relating car
diac output to the pharmacokinetics and hypnotic dose of thiopentone. These have shown
that the induction dosage of thiopentone is directly proportional to cardiac output [8]. Fur
ther confirmation is provided by primate studies using experimentally induced haemorr
hagic shock, which demonstrate that lignocaine [7] and midazolam [15] redistribution and
clearance are both slowed by hypovolaemia.

3. Modification of effects of anaesthetic techniques.
The cardiovascular depression due to some anaesthetic techniques is exacerbated by

hypovolaemia.

a. Controlled ventilation.
During IPPV, the systolic arterial blood pressure rises at the beginning of inspiration

due to the pressure of the inspiratory gases compressing the pulmonary vessels, so increas
ing left atrial return of blood and systemic cardiac output. Compression of the pulmonary
vessels also increases the pulmonary vascular resistance, reducing the output of the right
ventricle. During the later phase of inspiration, the arterial blood pressure falls due to a
reduction of the cardiac output, which is secondary to the combination of decreased sys
temic venous return because of increased intrathoracic pressure, and increased pulmonary
resistance, both of which reduce right ventricular output, and in tum reduce the left
ventricular output. These changes are reversed during expiration. The effect of all these
changes is to cause an inspiratory-expiratory variation of blood pressure and cardiac out
put [16].

Pulmonary blood volume and systemic venous return are both reduced by
hypovolaemia, and so it is not surprising that the inspiratory-expiratory pressure variation
is increased by hypovolaemia. In fact the inspiratory-expiratory systolic arterial pressure
variation appears to be a relatively sensitive indicator of hypovolaemia, the magnitude of
the variation being directly proportional to the degree ofhypovolaemia [17].

Hypotension is particularly likely to occur as a result of the institution of IPPV in
hypovolaemic patients. Cardiac output decreases with increasing respiratory minute
volume in normovolaemic patients [18], and this effect is only exacerbated by the addition
of PEEP [19]. Hypovolaemia exacerbates the reduction of cardiac output by further
decreasing venous return and cardiac filling pressures.
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b. Epidural and spinal anaesthesia.
Epidural and spinal anaesthesia cause vasodilation due to sympathetic nervous block

ade in the regions blocked. High epidural and spinal blockade cause considerablevasodilat
ion, inducing a relative hypovolaemia which of itself can cause a reduction of cardiac out
put and blood pressure. They can also reduce the cardiac output by blockade of the cardiac
sympathetics if the block is high enough, (Le. higher than T4). Hypovolaemia, such as that
due to haemorrhage, exacerbates the hypotensiondue to epidural [10] and spinal [11] anaes
thesia.

Table 14.4.2.
The relationship of the shock Index to the degree of hypovolaemla

[6].

"SHOCK INDEX" = HEART RATE (beats/minute)
SYSTOLIC BLOOD PRESSURE (mmHg)

% Blood volume
deficit

NORMOVOLAEMIA
< =20-30%
> =20-30%

SHOCK INDEX

0.5
<1.0
>1.0

CLINICAL AND LABORATORY ASSESSMENT OF HYPOVOLAEMIA
1. Clinical assessment.

Hypovolaemia is diagnosed by clinical history and physical examination. Many of the
manifestations of hypovolaemia are the same regardless of the cause ofhypovolaemia, and
are shown in table 14.4.1.

a. "Shock index".
The magnitude ofhypovolaemia may be assessed clinically by use of the "shock index"

[6]. This is derived by dividing the pulse rate by the systolic blood pressure, and is directly
related to the magnitude of hypovolaemia [see table 14.4.2]. It should always be remem
bered that while the shock index is a very useful clinical parameter, pulse rate and blood
pressure are also affected by factors other than hypovolaemia alone. Factors such as anxiety,
terror, old age, hypoxaemia, hypercarbia, neurological damage, and concurrent ingestion
ofmedication such as B-blocking drugs, etc, all affect the blood pressure and pulse rate. The
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shock index as measured in any particular patient should always be interpreted in the light
of these factors.

b. Other measures of the degree of hypovolaemia.
Pulse pressure, (i.e. systolic arterial pressure minus the diastolic arterial pressure), is

reduced by hypovolaemia and is a useful clinical indicator ofthe presence ofhypovolaemia.
The central venous and pulmonary artery pressures, as well as cardiac and urine out

put are also reduced by hypovolaemia.
These measurements allprovide useful information as to the degree ofhypovolaemia,

and are of great use in guiding therapy.

Table 14.4.3.
Laboratory Indicators of the type of hypovolaemla [12].

CAUSE OF HYPOVOLAEMIA

Haemorrhage

Pure plasma loss

Extracellular fluid loss

Pure water loss

Haematocrit Total
protein

~ N

t N

t t

t t

Plasma
[Na]

N

N

N

t

"t" = increase; "~" = decrease; "N" = normal.
Total protein = total plasma protein concentration.
Plasma [Na] = plasma sodium concentration.

2. Laboratory diagnosis.
Laboratory investigations can only be used in conjunction with a clinical history and

physical examination. The tests required are simple consisting only of measurement of the
haematocrit, total plasma protein concentration, and plasma sodium concentration [12, see
table 14.4.3].

MANAGEMENT OF HYPOVOLAEMIA
Therapy of hypovolaemia is aimed at restoring normal haemodynamics by reversing

the volume-capacitance mismatch. In patients with severe hypovolaemia this should be
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done as rapidly as possible so as to prevent organ damage. The treatment of severe life
threatening hypovolaemia is the same regardless of its cause, and may be divided into the
following sequence of steps.

1. Restore arterial blood pressure &cardiac output.
The first priority is to restore blood pressure and cardiac output so as to restore ade

quate coronary and cerebral perfusion. Treatment depends on the type of hypovolaemia
and its severity.

a. Hypovolaemic hypotension + cerebral or myocardial ischaemia [see chapter 2.2).
If blood pressure is so low that cerebral or myocardial ischaemia occurs, then the

arterial blood pressure mustbe rapidly elevated using a combinedvasoconstrictor/inotropic
drug. This is especially relevant in patients with existing raised intracranial pressure or
coronary vascular disease. Such patients tolerate hypotension poorly.

It must be stressed that this is NOT a definitive form of therapy of hypovolaemic
hypotension, but merely a temporary measure to preserve function in these vital organs
until definitive therapy can be administered. Such desperate measures may be required in
those with clinical manifestations ofdecreased cerebralperfusion, or myocardial ischaemia,
as it may take several minutes to significantly elevate the blood pressure and cardiac out
put even with a rapid intravenous infusion. But ischaemic cerebral damage can occur within
minutes, and may have occurred before acceptable haemodynamics have beenrestored with
an infusion.

b. Loss of blood volume.
Treatment ofhypovolaemia due to actual reduction ofblood volume consists of rapid

infusion of any colloidal solution available, or blood if indicated, so as to rapidly increase
the blood volume, and restore near normal, or at least acceptable systemic haemodynamic
function. Any ECFV deficit may subsequently be corrected at a more leisurely pace, as the
risk of organ damage due to extreme or prolonged hypotension is then no longer present.

c. Hypovolaemia due to drugs or spinal/epidural anaesthesia.
Therapy of relative hypovolaemia due to spinal or epidural anaesthesia, overdosage

ofdrugs etc, consists oftreating the cause,which is negative inotropyplus excessivevasodila
tion. Administration of a vasoconstrictor/inotropic drug is indicated for these patients as
relative hypovolaemia is due to a temporary cause such as drugs, spinal, or epidural anaes
thesia. It is true that an infusion of intravenous fluids will increase the blood volume and
correct the relative hypovolaemia in this situation, but such therapy always carries the risk
of causing hypervolaemia and heart failure once the effects of drugs, spinal, or epidural
anaesthesia have disappeared.

Patients with spinal cord injury have a non-temporary form of relative hypovolaemia.
The blood volume of these patients should be increased, and inotropic drugs administered
as indicated.

2. Correct acidosis.
Do not correct acidosis until normovolaemia has been restored, as acidosis enhances

peripheral oxygen transfer [see chapter 13.2]. In any case dilution ofthe blood with infusion
fluids will partially correct any acidaemia. Should any significant acidaemia remain after
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restoration of a normal haemoglobin concentration and blood volume, then it may be
corrected.

On the other hand, severe acidosis with an arterial pH < 7.2 should be treated, espe
cially if there are factors which make it likely that cardiovascular depression is due to
acidaemia.

3. Treat cause of hypovolaemla.
Only after restoration of near normal haemodynamics should any consideration be

given to correction of the specific disorder causing hypovolaemia. Time is then available to
do this as a more leisurely rate.

The exception to this rule is rapid haemorrhage. Treatment ofhypovolaemia without
simultaneously stopping any bleeding is obviously quite futile.

ANAESTHETIC MANAGEMENT
Preoperative.
1. Anaesthesia should never be administered to any hypovolaemic patient unless there is a
good reason why surgery cannot be delayed [see chapter 1.3]. Anaesthesia and surgery
under these circumstances will only worsen any existing reduction of cardiac output and
blood pressure.

2. Should surgery be unable to be delayed, no sedative, opiate or anticholinergicpremedica
tion should be administered preoperatively. Sedative and opiate drugs will further reduce
cardiac output and blood pressure, and an anticholinergic is not necessary as the patients
often already have a tachycardia. All these drugs are better administered under well con
trolled conditions in the operating theater as necessary.

Anaesthesia.
1. A large bore intravenous infusion should always be inserted prior to beginning any form
of anaesthesia in a hypovolaemic patient. After induction ofanaesthesia the blood pressure
may fall precipitously, making it very difficult or impossible to insert any intravenous in
fusion.

2. Adequate monitoring should always be used as clinically indicated. In general a
hypovolaemic patient has a reduced blood pressure and cardiac output because the blood
volume is reduced. The therapy is simple, increase the blood volume. Administer a
vasoconstrictor/inotropic drug if the blood pressure is so low that myocardial or cerebral
perfusion are compromized. Obviously no elaborate monitoring is required for this.
However, while this is adequate for initial resuscitation at the beginning of any emergency
surgical procedure, more extensive monitoring is required in some patients because ofcon
tinuing blood loss, or to more accurately guide any intravenous infusion therapy in patients
with heart failure, septicaemia etc.

3. All forms of regional anaesthesia may be used, with the exception of spinal or epidural
anaesthesia, as the latter two forms of regional blockwill further reduce the cardiac output
and blood pressure by inducing a relative hypovolaemia. Saddle block, or hemi-spinal
anaesthesia are not contraindicated because they cause minimal to no changes in systemic
haemodynamics.
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4. Some principles must always be kept in mind when administering general anaesthesia to
hypovolaemic patients.

a. Drugs should be selected that cause minimal cardiovascular depression. The tables in
chapter 2.1 may be used for this purpose.

b. Induction of anaesthesia is best done with ketamine as this causes least haemodynamic
depression [see chapter 2.1]. Otherwise etomidate, or methohexitone may be used.

c. A technique using controlled fentilation should be used as oxygenation of the lungs can
then be guaranteed. But hyperventilation causes respiratory alkalosis which should be
avoided if at all possible, as alkgiosis reduces sympathetic and adrenal secretion of
catecholamines. This in turn may cause profound hypotension, or exacerbate existing
hypotension. Controlled ventilation may also cause hypotension in hypovolaemic
patients by further reducing venous return.

d. The use of anaesthetic vapors should be avoided. They all reduce the cardiac output, an
effect which is only exacerbated by hypovolaemia.

e. D-tubocurarine should not be used as it causes significant cardiovascular depression
secondary to ganglion blockade and histamine release. If no other non-depolarizing
muscle relaxant drugs are available, then an infusion of suxamethonium has much to
recommend it. It is a short acting drug causing minimal changes in systemic
haemodynamics.

f. The choice of opiate is not critical.

Postoperative.
Postoperative monitoring and therapy depend on the clinical circumstances.
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Chapter 14.5

HAEMORRHAGE AND BLOOD TRANSFUSION

PROBLEMS DUE TO HAEMORRHAGE
Haemorrhage causes three main groups of problems; hypovolaemia, anaemia and

sometimes a haemostatic disorder.

1. Hypovolaemla.
Manifestations of hypovolaemia occur if more than 10-15% of the blood volume has

been lost [see chapter 14.4].

2. Anaemia.
Hemorrhage does not immediately reduce the haemoglobin concentration as it takes

time for sufficient transcapillary refill to have occurred to significantly dilute the remain
ing haemoglobin. In fact, after rapid haemorrhage in healthy human subjects it takes about
one hour for the haemoglobin concentration to fall significantly as a result of dilution by
tanscapillary refill. But if bleeding occurs slowly over an hour or more, the haemoglobin
concentration declines simultaneously with the loss of blood [1].

Another common cause ofanaemia subsequent to haemorrhage is replacement of the
lost blood volume by intravenous infusion of fluids which contain no erythrocytes.

3. Altered haemostasis.
Massive blood loss with subsequent replacement of lost blood volume with equally

large volumes of intravenous fluids containing low concentrations of, or no coagulation fac
tors or thrombocytes causes a haemostatic disorder.

ASSESSMENT OF THE VOLUME OF BLOOD LOSS
An estimation of the volume of blood loss may be done by a number of clinical and

laboratory methods.

1. From the type of injury.
The volume ofblood lost may be estimated from the average volume ofblood known

to be lost from well defined injuries. This is mainly applicable to fractures and is shown in
table 14.5.1.
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Table 14.5.1.
Blood loss in milliliters associated with
various fractures [2,3].

Radius and ulna
Humerus
Rib
Pelvis
Femur
Tibia and fibula

500
500-1000

250+
3000+

500-3000
500-1000

2. Visual estimation.
Visual estimation ofthe volume ofblood loss. This requires some experience invisual

estimation of fluid volumes. There are some aids to facilitate this.

a. The volume of blood represented by a contracted blood clot is about twice the volume
of the clot, ifa haematocrit of about 40-50% is assumed, and that most of the plasma has
been squeezed out of the clot in the process of clot contraction.

b. Relate the volume of visible blood to something whose volume is known. The average
adult male hand has a volume of about 400-500 mls.

c. Counting the number of blood soaked swabs during operation. A given size of surgical
swab can only hold a certain volume of blood at a given level of saturation.

3. Haemodynamic parameters.
Haemodynamic parameters such as the shock index may be used to derive a rough es

timate ofthe volume of blood loss [see chapter 14.4].

4. Measurement of blood loss.
Measurement of blood loss and blood volume may be made. Various methods are

available for this.

a. Perioperative measurement of blood loss.
During any surgical procedure the swabs may be weighed, and the volume of blood

in the suction apparatus reservoir is also measured. This usually tends to underestimate the
blood loss during most operations by up to 25% because of evaporation and the presence
of blood on drapes, gowns, in the wound, and on the floor [5].

b. Perioperative & non-perioperative measurement of blood loss.
Circulating blood volume, and blood loss may be measured, and the result compared

with the expected, or previously measured blood volume. These methods usually employ
complicated colorimetric or gravimetric techniques together with simultaneous measure
ment of the blood volume. Because of this they are usually impracticable in the clinical
situation, or at best the benefit acquired from the increased accuracy is so marginal as to
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make their use unjustifiable. Replacement of a given volume ofblood loss does not cease
once the exact volume has been replaced, but is only discontinued once acceptable
haemodynamics and haemoglobin concentration have been restored.

BLOOD STORAGE & AVAILABLE PREPARATIONS
1. Blood storage.

Blood preparations are always stored in a refrigerator. This is because the more rapid
metabolic processes at room temperature will cause the same deleterious changes in stored
blood in a few hours, that require several weeks ofstorage at a low temperature. The usual
temperature at which anticoagulated blood is stored is about 4-6°C.Anticoagulated blood
stored at this temperature is usable for 3-4weeks, while blood stored aswashed erythrocytes
can be stored indefinitely in liquid nitrogen.

2. AnticoagUlant solutions In common use.
All stored blood is mixed with an anticoagulant solution. The function of the an

ticoagulant solution is not only to prevent coagulation, but also to provide a source ofener
gy for the erythrocytes, and to prevent any deleterious changes occurring during storage.
There are two solutions in common use.

a. Acid-Citrate-Dextrose (ACD) solution.
i. English version.

A mixture of 2.5 gm disodium citrate + 3 gm dextrose (glucose) is mixed together
with 120 mls water. This is added to 420 mls of donor blood making a total volume of 540
mls per unit of blood.

ii. United States ofAmerica version.
Amixture of2.5 gm disodium citrate + 3gm dextrose is added to 67.5 mls water. This

is mixed with 450 mls of donor blood making a total volume of517.5 mls per unit ofblood.

b. Citrate-Phosphate-Dextrose (CPD) solution.
A mixture of 26.3 gms trisodium citrate + 3.27 gm citric acid + 2.22 gm sodium

dihydrogen phosphate + 25.5 dextrose is added to 1000 mls ofwater. About 63 mls of this
CPD mixture, (63 mls contains 1.66 gms of trisodium citrate), is added to 450 mls of donor
blood, making a volume of 513 mls per unit.

3. Types of blood preparation available.
a. Whole blood.

Whole blood is preserved by cooling and mixing with one of the anticoagulant solu
tions listed above. It used with increasingly less frequency in many western countries, as the
plasma is removed for fractionation into plasma proteins for treatment of coagulation dis
orders. One of the principal uses is in the form of fresh whole blood for therapy ofpatients
with haemorrhagic hypovolaemia which occurs together with a haemostatic defect, or
patients who are massively bleeding. In the latter case blood component therapy is often
not practical because of the great rapidity with which blood must be replaced in some
patients.
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b. Whole blood without buffy coat.
The ''huffy coat" of blood is the white colored layer covering the erythrocytes after

they have been centrifuged or allowed to settle. It is composed of all the white blood cells,
that is, the leukocytes, monocytes, platelets etc. Removal of the buffy coat has a number of
advantages.

i. Patients who have a prior history of blood transfusion may develop a reaction to sub
sequent blood transfusions. This reaction is usually caused by antibodies to leukocyte
antigens. Removal of the buffy coat reduces the likelihood of this.

ii. Platelets and leukocytes form aggregates after 5 days ofstorage inACO or CPO medium.
No microaggregates can form in bloodwithout abuffy coat, and so no filter need be used
when this type of blood is administered.

c. Packed cells.
This is a concentrated suspension of erythrocytes from which most of the plasma has

been removed, and often the buffy coat too. The main use of this suspension is to replace
losses of erythrocytes only.

d. Washed red cells.
The plasma and the white cells are removed, and the remaining erythrocytes are

resuspended in saline. The chance of human lymphocyte associated (IDA) antigen trans
fer to a patient is minimized with this suspension. It may also be used to elevate the
haemoglobin concentration ofpatientswith known antigens to blood components, orwhere
it is desired to prevent this occurring.

e. Frozen red blood cells.
Packed cells are washed and resuspended in a glycerol solution, frozen, and then

stored in liquid nitrogen. The storage life is many years. This method ofpreservation is prin
cipally useful for autotransfusion of patients for elective operations, and for central stores
of blood against large numbers of civilian or military casualties.

PROPERTIES OF STORED BLOOD
The following discussion applies to the problems that may be associated with the

storage and transfusion of whole blood only. The reader who wishes to know more about
blood transfusion should consult the standard haematology texts, as these give a more than
adequate as well as more extensive discussion of this large subject.

1. Increased erythrocyte fragility and haemolysls.
Normal aging oferythrocytes, plus the reduction ofmembrane function due to storage

causes the erythrocytes to swell somewhat during storage. In addition to this, the plasma
haemoglobin concentration progressively increases due to haemolysis of erythrocytes as
well as leakage of haemoglobin from cells. The percentage of transfused red cells that sur
vive transfusion decreases with increasing storage duration. After 21 days ofstorage, about
20-25% of the transfused erythrocytes undergo haemolysis within 24 hours after transfusion
[18].

Transfusion of old blood is therefore less effective in elevating the haemoglobin con
centration, as well as being associated with a considerable degree of haemolysis. This may
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not matter so much in normally healthy young patients, but is possibly of relevance in the
critically ill who have less physiological reserves.

2. Reduced oxygen transport.
The oxygen-haemoglobin dissociation curve ofthe stored blood is left-shiftedbecause

of a decreased 2,3-diphosphoglycerate (2,3-DPG) concentration inside the erythrocytes
[16]. This reduces oxygen transfer to tissues at a given pen [see chapters 4.3 and 5.1]. It
takes about 24 hours after blood transfusion before the 2,3-DPG concentration in the trans
fused erythrocytes increases to a near normal level [16]. However, regardless of these con
siderations, the haemoglobin does transport and release oxygen, which is better than no
haemoglobin at all. This is well demonstrated by the survival of patients who have under
gone massive transfusions of old bank blood for equally massive haemorrhage.

A reduced erythrocyte 2,3-DPG concentration is only of practical interest in those
patients with minimal cardiac reserve. Such patients have a slightly lower cardiac output
when administered blood with a low erythrocyte 2,3-DPG concentration, than when ad
ministered blood with a normal2,3-DPG concentration [17].

3. LeUkocytes.
Granulocytes become non-functional within 24 hours ofstorage, their numbers begin

to fall after a week due to breakdown of the cells and formation of microaggregates [see
below].

Lymphocyte number and function is well preserved in storedblood for 21 days in ACD
medium [9].

4. Platelets.
Platelet function declines measurably by 6 hours of storage, and after 72 hours they

are no longer functional [18,19]. By 7 days of storage, platelet concentration is reduced to
20% normal as a result of microaggregate formation [9].

5. Microaggregates and mlcroembollzatlon.
Microaggregates begin to form in stored ACD or CPD blood within 24 hours after

donation [9,10]. They are initially formed of clumped platelets, but after a week they are
also formed ofclumped platelets, granulocytes, and fibrin. If these clumps are large enough
they may cause embolization in the microcirculation. A measure of the microaggregate
concentration is given by the Screen Filtration Pressure (SFP). The SFP is the pressure re
quired to force blood at a set rate through a screen which blocks the passage of particles
greater than 20 microns in size. The SFP is maximal in stored blood by 5-8 days after dona
tion [15].

The total volume of microa§!fegates in a given volume of stored blood increases
progressively during storage at 4-6 C, so that after 21 days a 500 mls volume ofstored blood
contains a volume of 4 mm3 of these microaggregates. In the first week of storage the
microaggregates are mainly composed of clumped platelets, and after 7 days of storage the
platelet count reaches its lowest point. After a week the granulocytes also begin to
degenerate and clump together, adding to the volume of the platelet microaggregates. This
latter process continues throughout the storage period [9].

About 72% of the microaggregates have a diameter less than 20 microns. However
about 82% of the total volume of the microaggregates consists of aggregate particles with
a diameter equal to or greater than 20 microns, and 52% ofthe microaggregate volume COD-
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sists of particles with a diameter greater than 40 microns [9]. Aggregate particles with a
diameter of more than 2040 microns can cause pulmonary and systemic arteriolar and
capillary embolization [10,11]. Such embolization may be one of the factors precipitating
the development of adult respiratory distress syndrome after massive transfusion [11,12].
In fact an increased alveolar-arterial oxygen gradient canbe measured after administration
of as little as 1000-2000 mls of microaggregate containing blood to normal ''healthy'' surgi
cal patients [13].

Because of the effects of microaggregate embolization on pulmonary function, it is
recommended that a 2040 micron blood filter be used if more than 4 units (2000 mls) of
buffy coat containing blood is to be administered. H the blood has been donated less than
5 days prior to use, no filter is required as there has not been enough time for significant
microaggregate formation. As the microaggregates are formed from platelets and
granulocytes, they can be removed by removing the buffy coat [9]. Accordingly no filter is
required for any blood preparation that does not contain the buffy coat.

6. Acid-base balance.
The pH of ACD blood is initially 6.9-7.0, and falls to about 6.4-6.5 after 21 days of

storage. The pH of CPD blood is slightly higher than that ofACD blood. Rapid transfusion
ofblood initially causes a slight acidaemia, and subsequent metabolism of the citrate causes
an alkalaemia [20, and see chapter 13.3 on causes ofalkalosis]. Acidosis due to blood trans
fusion should not be corrected unless it is associated with significant cardiovascular
dysfunction [see chapter 13.3 for indications for treatment ofacid-base disorders]. Acidosis
causes right-shifting of the oxyhaemoglobin dissociation curve, tending to correct the ef
fects of the reduced 2,3-DPG concentration of transfused erythrocytes on oxygen binding
and release, and so a mild degree of acidosis is actually beneficial [see also chapters 13.2,
and 4.3].

7. Potassium concentration.
The potassium concentrationin the plasmaofstored bloodincreases in direct proport

ion to the duration of storage. This is due to leakage of potassium from intact cells, as well
as from cells that undergo haemolysis during storage. The plasma potassium concentration
may rise to 20-40 mmol/l after 21 days of storage. Rapid infusion of blood can result in a
transient hyperkalaemia, but this quickly returns to normal [20]. In fact a severely ill,
traumatized patients undergoing major surgery are more likely to be hypokalaemic as a
result of the elevated catecholamine concentrations associated with these conditions [see
chapter 12.3]. Another factor is that the quantity of potassium contained in the plasma of
one unit of blood is not great. For example, aplasma potassium concentration of40 mmol/1
in 500 mls of old blood bank blood. Assuming a haematocrit of 40% this means that the
quantity of potassium is only 13 mmols. This is usually rapidly redistributed, especially in
hypokalaemic patients [see chapter 12.3]. However acute hyperkalaemia does occasional
ly occur after rapid administration of old very hyperkalaemic blood.

8. Coagulation disorders.
The concentrations of most of the coagulation factors do not change significantly

during storage, except for those of factors V and VIII. After 21 days of storage, both ACD
and CPO blood only contain 20-50% of the normal concentrations of these factors [4]. A
concentration of more than 30% ofeither of these factors is required for adequate haemos
tasis [see table 6.4.3].
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A clinically evident bleeding tendency can occur after massive blood transfusion used
for replacing equally massive blood losses. The volume of blood replacement at which a
bleeding tendency manifests depends on the type ofblood preparation transfused.

a. Whole blood transfusion.
Transfusion of more than 15 units (=7.5 liters) of ACO anticoagulated whole blood

stored for more than 8 days, causes a bleeding disorder in healthy young adults. The cause
ofthe bleeding disorder is a thrombocytopenia. Coagulation factor deficiency onlybecomes
significant after about 20 units = 10 liters of blood have been transfused [4].

b. Packed cells plus Ringer's lactate or 0.9% NaCI.
At present, the blood banks of masny western countries usually only provide

erythrocyte concentrates. The concentrate is frequently mixed with an equal volume of
0.9% NaCL or Ringer's solution to enable the mixture to flow more readily, and to provide
extra volume. Transfusion of a volume of such a mixture which is equivalent to the blood
volume of the patient, causes a clinically significant increase in the rate of surgical bleed
ing due to a combined deficiency of platelets and coagulation factors [21].

9. Plasma cholinesterase.
Plasma cholinesterase activity does not decrease greatly during storage. After 21 days

the activity is still 80-90% of normal in both ACO as well as CPO blood [14].

to. Citrate intoxication.
Citrate intoxication and its treatment have been discussed extensively in chapter 12.5,

and 13.3. It only occurs during rapid blood transfusions at a rate ofmore than 50 mis/minute
in adults. No calcium need be routinely given during blood transfusion. The only indication
for intravenous administration of calcium salts is for therapy of the actual manifestations
of citrate intoxication, which is a hypotension which occurs as a result ofblood transfusion,
or hypovolaemic hypotension which is not reversed by blood transfusion.

11.Hypothermia.
Infusion of large volumes of cold blood at storage temperature, Le. about 4-6°C,

causes hypothermia. This is also true, but to alesser degree offluid infused at roomtempera
ture, Le. 16-20oC. If large volumes of cold blood and fluid are to be infused, the use of an
intravenous infusion fluid warmer is recommended.

12. Transmission of disease.
Many viral, bacterial, and parasitic diseases may be transmitted in stored blood.

PRACTICAL ASPECTS OF BLOOD TRANSFUSION
1. Check patient data.

Prior to administering anyblood transfusion, always check the blood tosee ifthe blood
is indeed blood intended for that patient. Administration of incompatible blood can be
lethal.
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2. Use a blood-warmer during massive transfusions.
Bloodwhich is fresh from the refrigerator has a temperature ofabout 4-6°C,and when

it has been kept outside for some time, it is at room temperature. Transfusion of large
volumes of blood at these temperatures can cause hypothermia, and so if transfusion of
large quantities of blood is required, warm the blood prior to infusion. This also applies to
other intravenous fluids too.

3. Microaggregate filters.
A 20-40 micron microaggregate filter should be used when transfusing more than 4

5 units of blood which is more than 5 days old and still contains the Buffy coat. A filter is
not required when transfusing any blood which does not contain the Buffy coat, and when
transfusing blood which does contain the Buffy coat, but is less than 5 days old.

4. Blood volume replacement, and haemostatlc effect of transfused blood.
Erythrocytes are transfused together with a multitude ofsuspending fluids. These dif

ferent fluids are the cause of variation in the blood volume replacing effect of the trans
fusion, and the effect of the transfusion on haemostatic function.

a. Whole blood.
A volume of whole blood replaces an equal volume of blood loss [see table 14.2.1].

Thrombocytopaenia may occur after transfusion of avolume ofold whole blood equivalent
to one blood volume. Coagulation defects do not occur until more than two blood volume
equivalents have been transfused [4].

Prevention and treatment of a haemostatic disorder consists of measurement of the
haemostatic status after avolume ofoldblood equivalent to one bloodvolume ofthe patient
has been transfused. If this indicates a significant thrombocytopaenia, aplatelet transfusion
should be administered.

b. Erythrocyte concentrate plus fresh plasma.
A mixture ofequal volumes of fresh plasma and erythrocyte concentrate has the same

volume replacing effect as whole blood. As with old whole blood, a dilutional, haemostati
cally significant thrombocytopaenia may occur after more than one blood volume
equivalent of this mixture has been transfused. Coagulation protein deficiencies do not
occur as fresh plasma is used. Measure haemostatic status after a volume of blood
equivalent to one blood volume of the patient has been administered. A significant throm
bocytopaenia requires a transfusion of platelets.

c. Erythrocyte concentrate plus a plasma volume replacing fluid.
A mixture of equal volumes of an erythrocyte concentrate plus a plasma volume

replacing fluid, such as pasteurized plasma protein solution, dextran and gelatin solutions,
has the same blood volume replacing effect as whole blood. But because no coagulation
proteins and platelets are infused, a dilutional coagulopathy and thrombocytopaenia may
occur after transfusion of a volume equivalent to one blood volume.

Measure the haemostatic function after transfusion of a volume of blood equivalent
to one half to one blood volume of the patient. Coagulation protein deficits should be
treated with infusion offresh frozen plasma, and platelets deficiencieswith aplatelet trans
fusion.
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d. Erythrocyte concentrate plus a crystalloid solution.
A mixture of an equal volume of an erythrocyte concentrate with an equal volume of

Ringer's solution or 0.9% NaCI solution does not have the same blood volume replacing
effect as whole blood. The erythrocytettremain in the bloodvessels, but the crystalloid solu
tion diffuses out rapidly, and only 1/5 of the crystalloid remains in the plasma [see chap
ter 14.2, 14.3]. A dilutional thrombocytopaenia and coagulopathy may occur after avolume
equivalent to one blood volume of this solution has been transfused.

Management of haemostatic effects is the same as in paragraph "c" above.

5. Monitoring of intraoperative haemostatic function.
Regular monitoring of haemostatic function is required during massive blood trans

fusion. It should be done whenever there is a suspicion of a bleeding disorder, or when a
volume of blood equivalent to one blood volume of the patient has been infused. Only a
few tests are required, consisting of measurement of [see chapter 6.2 for a description of
these tests];

.aPTT/P1T,

.Pr,
• and platelet count.

MANAGEMENT OF HAEMORRHAGE & INDICATIONS FOR BLOOD TRANS
FUSION

Haemorrhage is managed in the same way as hypovolaemia due to any cause. There
are some factors specific to haemorrhage which must be kept in mind, as some patients re
quire blood transfusion.

The indications for a blood transfusion may be summed up as below.

• Reduced oxygen transporting capacity secondary to anaemia.
• Hypovolaemia secondary to whole blood loss.
• Reduced haemostatic function [this has been dealt with above].

1. Reduced oxygen transporting capacity.
Reduced oxygen transporting capacity is the only indication for transfusion of

erythrocytes. This has been extensively discussed in the chapter on anaemia [chapter 5.1],
and oxygen flux [chapter 4.3]. Acute normovolaemic anaemia increases cardiac output in
direct proportion to the reduction of haemoglobin concentration [see fig. 5.1.1]. The in
crease of cardiac output is due to elevation of the stroke volume rather than heart rate, as
anaemia reduces blood viscosity. Heart work does not increase significantly unless
hypovolaemia increases the heart rate [6,7].

The minimum acceptable haemoglobin concentration resulting from acute haemor
rhagic anaemia is about 6 mmol/1 = 9.6 grn/100 mls [see chapter 5.1]. Assuming normal
erythrocytes, (haemoglobin concentration = 328 grnIliter erythrocytes), then the relation
ship of the haemoglobin concentration ([HbDto percentage haematocrit (Hct) is given by
the equations below, and the minimum acceptable haematocrit is about 30%.

[Hb](mmol/l) = Hctl5 ........(1)
OR
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[Hb](gm/100 mls) = 0.328 x Hct ...(1)

The maximum permissable percentage, or fractional blood loss (MFBL) above which
blood transfusion is required may be calculated using equations 2 and 3 below and assum
ing normovolaemic anaemia [see also table 14.5.2].

OR

Minimum acceptable [Hb]
MFBL = 1 - (2)

Preoperative [Hb]

MFBL = 1 _ Minimum acceptable [Hct] (3)
Preoperative [Hct]

Table 14.5.2.
Maximum percentage blood loss calculated on the basis of a minimum
acceptable haemoglobin concentration of 6 mmol/l= 9.5-10 gm/100
mls), which is equivalent to a haematocrit of 30%. This table assumes
that normovolaemia is maintained. Blood transfusion is required if this
percentage blood loss is exceeded.

Preoperative [Hb]
(mmol/I) (gm/100 mls)

Preoperative
Hct (%)

Maximum %
blood loss

10
9
8
7
6

16
14.5
13
11.3
10

50
45
40
35
30

40
33
25
14
o

2. Hypovolaemia.
Hypovolaemia is another consequence of blood loss. However, no blood is required

if the haemoglobin concentration is more than adequate for oxygen transportation [see
above, and chapter 5.1]. When considering therapy for blood loss, the interval between
haemorrhage and the therapy should be considered as this has therapeutic consequences.

a. Acute blood loss.
This is bleedingwhich has just occurred, or is still taking place. No transcapillary refill

has as yet taken place in this situation, and so the only deficit is in the blood volume. Treat
ment depends on the magnitude ofthe blood loss, and the haemoglobin concentration prior
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to haemorrhage. Transfusion of erythrocytes should be commenced at a lesser degree of
blood loss in patients with pre-existing anaemia, and at a greater percentage of blood loss
in patients with polycythaemia [see table 14.5.2].

i. Blood loss < 10% ofnormal blood volume.
Minor haemorrhage of less than 10% of the normal blood volume usually has no ef

fects on systemic haemodynamics. No therapy is required unless systemic cardiovascular
effects due to hypovolaemia are observed.

ii. Blood loss > 10-15% ofblood volume.
Blood loss of this magnitude always causes some haemodynamic disorder, and so the

volume deficit should be replaced. The first 15% may be replaced with a colloid solution.
Blood loss above 15% of the normal blood volume should be replaced volume for volume
with whole blood, or equivalent. 15% is only a rough estimate of the tolerable percentage
volume of blood loss. The maximum permissable blood loss actually depends on the
preoperative haemoglobin concentration [see table 14.5.2].

b. Existing blood loss (haemorrhage >1 hour before therapy).
Transcapillary refill occurs after haemorrhage, and significant transcapillary refill has

occurred by one hour after haemorrhage [1]. In this situation there is not only a blood
volume deficit, but also a deficit in the ISFV too. An ISFV deficit is not without consequen
ces, as it is this which determines the functioning of the space between the cells of the body.

Inone investigation, the percentage survival ofdogs inwhomhaemorrhagic shockwas
maintained for a period of 2.5 hours was considerably less when the volume of blood lost
was replaced with whole blood only, than when these dogs were administered not only a
volume of blood equivalent to the blood loss, but also were administered a volume of
Ringer's lactate solution equivalent to 5% of the body weight [8].

In practice, therapy is exactly the same as for acute blood loss, except that there is also
an ISFV deficit which should be replaced with 0.9% NaCI or Ringer's lactate. The volume
of 0.9% NaCl or Ringer's lactate required is equal to the volume of blood lost, and the
volume of blood that is required, is that volume necessary to restore normal haemodyn
amics.

ANAESTHETIC MANAGEMENT
This is the same as for any hypovolaemic patient.
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Chapter 14.6

PERIOPERATIVE FLUID THERAPY

Basic physiology offluid balance in the perioperative period has been discussed in the
preceding chapters. This chapter is a practically oriented discussion of perioperative in
travenous fluid therapy in adults. Perioperative fluid therapy for children will not be dis
cussed as this is beyond the scope of this book. The main aims ofperioperative fluid therapy
are listed below.

• To initially resuscitate the patient and restore normal haemodynamics prior to
any operation.

• To maintain normal haemodynamics and organfunction in the intraoperative and
postoperative period by replacing actual and functional fluid losses, and supply
ing basal normal fluid requirements.

The various methods of realizing these aims will be discussed for each part of the
perioperative period.

INDICATIONS FOR PERIOPERATIVE INTRAVENOUS FLUID THERAPY
Perioperative administration of intravenous fluids is not required for all patients, and

ideally should only be administered on indication as this lessens the number of complica
tions of such therapy, as well as reducing treatment costs.

1. Patients requiring NO perioperative intravenous fluid therapy.
Non-dehydrated healthy patients who come for elective surgerywhich does not cause

significant loss of blood volume, does not cause significant third space plasma losses, and
causes no prolonged gastrointestinal inactivity, require no intravenous fluids in the
perioperative period.

Significant loss of blood volume means more than 10% of the blood volume. This
blood volume loss may consist ofblood or third space losses. The volume of 10% is chosen
as this is the volume ofblood which ablood donor donates without any ill effects, and which
has been shown in human investigations to cause minimal to no deleterious effects in heal
thy persons.

2. Patients requiring perloperatlve Intravenous fluid therapy.
Patients whose operation causes prolonged gastrointestinal dysfunction, or a blood

volume loss greater than 10% of the blood volume, do require perioperative intravenous
fluid therapy as it reduces perioperative morbidity and mortality if carried out effectively.
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PREOPERATIVE CONSIDERATIONS
Emergency operations.
1. Delay any operation until any blood volume deficit has been replaced.

2. The above may not be possible for those patients who fall into the category of patients
who require immediate operation [see chapter 1.3]. In such cases, cardiovascular function,
and in particular blood pressure, must be maintained with infusion of colloidal solutions or
blood, with or without vasoconstrictor and inotropic drugs while the surgeons perform the
necessary operation. The anaesthetist must replace any deficits during and after the opera
tion [see chapter 14.4].

Elective operations.
All patients coming for elective operation are fasted for a period of at least 4-6 hours

prior to induction of anaesthesia. Many patients are fasted overnight from midnight. Some
patients may actually have fasted fo a period of about 12-14 hours.

Consider an "average" adult patientwho has fasted overnight. The "normal" basal fluid
requirement for an adult is about 2-2.5 liters/day, and so such a patient will in theory have
a TBW deficit of 500-1250 mls. However this is not really true, as during sleep the activity
level is low, and the urine production and water requirement are correspondingly low too.
This is because the metabolic rate decreases during sleep, the plasma concentration of an
tidiuretic hormone increases, and the respiratory minute volume decreases. These factors
account for the well known reduction of urine production during sleep, and also reduce
cutaneous insensible water loss, as well as respiratorywater loss.Thewater deficit as a result
of overnight fasting is therefore less than would be expected from such a simple calculation
as above.

The water deficit due to an overnight fast, or a fast of lesser duration, may be replaced
in the average adult with 500 mls of a crystalloid solution. Ideal fluids for this purpose are
4% glucose/0.18% NaCl solution, or a5% glucose solution as these are effectively infusions
of water only.

PEROPERATIVE FLUID MANAGEMENT
Peroperative intravenous fluid therapy in adults has a number of aims.

• To provide normal basal fluid requirements 2 ml/kglhour.
• To replace lost blood volume [see chapter 14.5].
• To replace third space losses [see chapter 14.3].
• To replace possible evaporative fluid losses in very major and extensive surgery

[see chapter 14.3].
• To replace urinary water and electrolyte losses.
• To maintain normal haemodynamic and renal function:

- Arterial blood pressure at a level normal for that patient, or at a systolic
pressure > 100 mmHg.

- Central venous pressure > 5 cm H20.
- Pulse rate < 100 beats/minute.
- Urine output > = 0.3 mlslkglhour.
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1. Basal fluid requirements.
The average adult requires about 2-3 mls/kg bodyweight ofwater per hour under con

ditions ofnormal activity in a temperate climate. This should be continued in the periopera
tive period and can be provided as 4% glucose/0.18% NaCI solution, or 5% glucose.

2. Replace urinary losses.
Urinary losses decrease the TBW, and for this reason loss of even 1000 mls of urine

has little effect on the plasma volume [see chapter 14.3]. Significant volumes of urinary
water losses may be replaced with a glucose/saline solution.

Urine does contain a relatively high concentration of potassium, about 20 mmolll.
Acute loss of 1000 mls of urine can cause acute hypokalaemia [see chapter 12.3].
Hypokalaemia should always be suspected in polyuric patients.

3. Replace lost blood volume.
Replacement of blood losses has been discussed in chapter 14.5.

4. Replace third space losses.
Third space fluid loss has been extensively dealt with in chapter 14.3. Table 14.3.1

shows the approximate volumes ofplasma loss to be expected for various operations. There
are various systems in current use for replacing third space fluid losses. Regrettably, none
is entirely satisfactory as they are all based on the incorrect supposition that the loss of fluid
for a given operation is the same for all patients. However as regular routine measurement
of body fluid compartment volumes is impossible in the clinical setting of an operating
theater at this time, clinical practice based on average population values must be used. This
provides a guide as to the volumes and types of fluid required, and haemodynamic
parameters can be used to further guide fluid therapy. Perioperative fluid regimes in com
mon use are discussed below.

a. Crystalloid regime.
Loss of plasma may be replaced using crystalloid solutions. A commonly used regime

is set out below [1].

Intra-abdominal surgery.
7-10 mls Ringer's lactate!kg body weight/hour of operation.

Intrathoracic surgery.
3-5 mls Ringer's lactate!kg body weight/hour of operation.

Major orthopedic surgery.
3-5 mls Ringer's lactate!kg body weight/hour of operation.

These volumes of fluids are also sufficient to provide the normal basal water require
ments too. A major disadvantage ofsuch a regime is that significant generalized interstitial,
and even pulmonary oedema can occur, especially if these volumes are exceeded, or the
patient has poor cardiovascular reserve [2,3,4,6, and see chapter 14.3 for further discussion].
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b. Colloid regime.
A volume of a colloidal solution may be infused which is sufficient to replace the es

timated third space loss [see table 14.3.1]. This regime has the major advantage that most
of the infused fluid remains in the vascular system, only diffusing out into the interstitium
of operated or traumatized tissues. No generalized interstitial fluid space expansion with
all its attendant problems occurs. However, this regime is as speculative as the above crys
talloid regime in that it also uses volumes estimated from clinical experience, and not from
measurements made on the individual patient being treated.

c. Mixed colloid and crystalloid regime.
A combined colloid/crystalloid regime may be used [3].

i. Use the crystalloid regime above. However the use of Ringer's lactate should be avoided
[see chapter 14.2], and instead 0.9% NaCl solution should be used as this is associated
with fewer undesirable effects [see chapter 14.3].

ii. If the volume of crystalloid fluid required to maintain normal haemodynamics exceeds
that advised by the crystalloid regime above, infuse a colloidal solution until normal
haemodynamics have been restored.

iii. If very large volumes of colloid are required, then the patient is either losing large
volumes of blood or plasma, or has developed heart failure.

Advantages ofcombined regime.
The combined regime is the most satisfactory for a number of reasons.

i. The volume of crystalloid solutions required is reduced. One benefit is that less general
ized interstitial oedema occurs. One example of the effect of generalized interstitial
oedema is the elevation of the pulmonary alveolar-arterial oxygen gradient often ob
served as a consequence of a purely crystalloid regime, as opposed to its absence in
patients administered a mixed colloid-crystalloid regime [5, and see chapter 14.3].

ii. It reduces the requirement for colloid solutions with their attendant risk ofhaemorrhagic
and allergic complications.

iii. Early use of colloidal solutions tends to maintain a near normal colloid osmotic pres
sure. If the colloid osmotic pressure falls below 15 mmHg, interstitial oedema with all
its problems occurs [chapter 14.1].

iv. It is true that the amount of sodium infused with both colloidal and crystalloid solutions
is far in excess of daily requirements, especially when one considers that surgery may
reduce the urinary sodium excretion by about a half. But the maintenance ofnormal ex
tracellular sodium concentration is also important, as acute hyponatraemia is notwithout
consequences [see chapter 12.1]. Excessive hyponatraemia, or reduction of extracellular
sodium concentration causes swelling of cells. Interstitial swelling is always present in
traumatized regions, and has the effect of increasing the distance that oxygen molecules
must diffuse from the capillaries to reach the mitochondria in the cells. Cellular swell
ing due to acute hyponatraemia further exacerbates this situation. For this reason, no
glucose 5% or glucose/saline solutions should be used perioperatively, except to supply
basal water requirements.
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5. Replace evaporative losses.
Evaporative losses are minimal during most surgical procedures. [see chapter 14.3].

Even evaporative losses or more than 1-2 liters in an adult has only a slight effect on the
blood volume, as evaporative water loss is loss of TBW. However in those few situations
where it is significant, the volumes of crystalloid infused using the above regimes are more
than sufficient to replace this water loss.

6. Monitoring.
All patients should be adequately monitored perioperatively. Haemodynamic

parameters and urine output are used as criteria for the adequacy of any intravenous in
fusion therapy, and should be frequently measured to guide therapy. The level of monitor
ing should always be appropriate to the type of surgery being performed. The anaesthetist
should aim to maintain urine output and haemodynamic parameters at or above the levels
listed in the beginning of this chapter.

POSTOPERATIVE MANAGEMENT
1. Minor surgery.

No special therapy is required as the volume of third space loss is minimal. All that is
required are basal fluid requirements.

2. Major surgery.
The rate of loss of plasma into a region of traumatic oedema is significant for up to

24 hours after operation, although the rate declines rapidly in the hours after surgery as the
interstitial fluid pressure in the operated region rises due to flow of plasma out of the
damaged vascular endothelium [see chapter 14.3]. Patients may therefore still lose large
quantities of plasma in the first 24 hours after surgery, especially in the first few hours after
operation.

Aggressive monitoring and plasma volume replacement therapy is required for all
patients who have undergone major surgery. Such patients should be admitted into an in
tensive care unit, or a recovery area until cardiovascular stability has been achieved. The
most commonly used postoperative regime is listed below.

1. Administer the basal fluid requirement as aglucose/saline solution. This reduces the plas
ma sodium concentration less than does a 5% glucose solution.

2. Patients should be monitored using the same parameters as in the operating room The
frequency with which the parameters should be measured depends on the magnitude of the
operation and the clinical condition of the patient.

3. Replace any significant blood losses as they occur.

4. Should patients develop manifestations of hypovolaemia, infuse a colloid solution or
blood. Hypovolaemia occurring in the immediatepostoperative period is always due to plas
ma or blood loss.
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Part 15

PHARMACOKINETICS

Much use is made ofpharmacokinetic concepts in this book. It is the purpose of this
section to explain these more fully, to use these and other factors as a guide to selection of
the best drugs for a given patient, and to show how a practical application of phar
macokinetic and pharmacodynamic principles may be used to predict, as well as to provide
insights into the observed effects of drugs.
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Chapter 15.1

PHARMACOKINETIC PRINCIPLES

Pharmacokinetics is regrettably considered by many physicians to be a difficult sub
ject. This is true when one wishes to study it in great depth. But for practical clinical pur
poses a more simplified approach provides very useful didactic insights, as well as having
utility for daily practice. No mathematical genius is needed for this except for the ability to
perform simple multiplication and division. Pharmacokinetics at this level may be called
"Volkskinetiek", (people's pharmacokinetics, or "pharmacokinetics for the masses"), after
the popular Volkswagen automobile (people's car).

DEFINITIONS.
What is pharmacokinetics? Pharmacokinetics may be defined as the quantitative

study of the distribution and elimination of drugs. This is quite distinct from phar
macodynamics which is the study of the effects of drugs in relation to their concentrations
in various tissues and fluids.

Pharmacokinetics and compartments.
Anaesthetists usually administer drugs either by intravenous bolus injection or by in

travenous infusion, (with the exception of the gaseous anaesthetics). The discussion that
follows is oriented towards intravenous bolus and infusion pharmacokinetics.

After a single rapid intravenous injection ofa drug, the plasmaconcentration achieves
a peak level within seconds and subsequently falls because of the processes of distribution
and elimination. The decline of the plasma concentration with time is well described by an
exponential decay equation. Usually the mathematical description is more accurate ifmore
than one exponential term is used. Such multiple exponential equations are derived by
making the mathematical assumption that the drug is distributed throughout various
compartments within the body, each compartment with its own rate ofuptake and elimina
tion of the drug. The various shapes ofcurves and equations for single, two- and three-com
partment models are shown in fig 15.1.1.

The discussion that follows uses the two-compartment model, as this is conceptually
the easiest kinetic model to understand. Variation ofplasma drug concentrations with time
is described by the double exponential equation in figure 15.1.1. However as this equation
is difficult to use clinically, and is unnecessarily complex for didactic purposes, it will not
be used in the discussion that follows.

The two-compartment model is simple in principle. After administration of a drug it
is distributed immediately throughout avolume oftissue, the central compartmentvolume.
Subsequently the circulation further redistributes the drug until it is distributed as exten-
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FIGURE 15.1.1. - The change of plasma concentration with time after a single rapid in
travenous injection at zero time is shown for the same drug for one-, two- and three-compartment
models using the same elimination halflife (T1/28) and the same initial plasma concentration. The
general multi-exponential equations are shown in the figure. The reader should consult anyone
of the many excellent texts on pharmacokinetics for a description ofhow to use these equations.

sively as is possible. The maximum volume throughout which a drug is distributed is the dis
tribution volume. But distribution from the central to distribution volume is not instan
taneous. The rate of transfer is dependent on the cardiac output as well as diffusion proces
ses, and so it can be described by an exponential equation. This means that the rate of dis
tribution is described by a half life, the distribution half life. Drug is also eliminated from
the body, a process whose rate is also determined by diffusion and blood transport, and so
may also be described by an exponential equation with its associated half life, the elimina
tion half life. These concepts will be further expanded below.

Central compartment {Ve}.
After intravenous injection, a drug mixes with the blood and simultaneously rapidly

diffuses into the pericapillary regions of those tissues with a high blood flow. This is a very
rapid process as is well demonstrated by the speed with which persons administered a hyp
notic dose of thiopentone fall asleep. Such rapid diffusion through the capillary endo
thelium is not at all surprising in view of the fact that most drugs are compounds with a
molecular weight of less than 10,000 Daltons. Molecules of this molecular weight and lower
can freely pass through the capillary endothelium of most vascular beds [see chapter 14.1].
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This initial volume throughout which the drug is distributed is the central compartment
volume, and is given by equation 1below.

Reference to appendix-A shows that the Vc may be greater than the blood volume.
This is only to be expected as drug diffuses out of the blood into perivascular tissues, lower
ing plasma drug concentrations, and it is the plasma drug concentration datawhich are used
to derive kinetic parameters.

Vc =DICo ......•.(1)

o = amount or dose of drug in mg.
Co = theoretical plasma concentration of drug at time = 0 seconds.

The tissue drug concentrations are initially highest in those organs with the highest
blood flow per unit weight of tissue, Le. heart, brain, liver kidneys and lungs [see table
15.1.1]. This is of clinical relevance. The higher the tissue concentration of a drug, the
greater the magnitude of any desired as well as undesired drug effect. Haemodynamic and
central nervous system effects of drugs are of great importance in clinical anaesthesia, and
the magnitudes of these effects are certainly related to plasma drug concentrations.

Table 15.1.1.
Distribution of cardiac output.

ORGAN Percentage cardiac
output

Lungs 100
Uver 28
Kidneys 23
Skeletal muscle 16
Brain 14
S~n 9
Heart 5
Others 5

Blood flow
(mls/100 gm/mln)

1200
60

420
3

54
13
84

Distribution half life (T1/2d, T1/2a, T1/2'lr).
After initial distribution throughout the central compartment volume, the plasma

concentration of an intravenously injected drug rapidly declines as the drug diffuses into
tissues with a lower blood flow per unit mass, but a greater tissue volume or capacity to ab
sorb the drug. Once the plasma drug concentrations fall below the drug levels inside the tis-
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FIGURE 15.1.2. - A typical multicompartmental concentration-time curve showing the dis
tribution and elimination phases of a drug.

sues with a high relative blood flow, drug diffuses out of these tissues into the plasma, so
reducing the drug concentration in these high flow tissues, e.g. brain heart, etc. This process
is called redistribution, and as its rate is dependent on cardiac output and diffusion proces
ses, the decline of plasma drug concentration with time is able to be described by an ex
ponential equation, and so has a half life, the distribution half life.

Distribution volume (Vd) and Peripheral compartment volume.
After redistribution is complete, the drug is distributed as extensively as is possible

for that drug throughout the body. This is the distribution volume.
The volume of distribution may be calculated from the plasma drug concentration

data in a number of ways, each method yielding a slightly different volume. These various
distribution volumes are the Vdss, VdB and the Vd(area). The Vdss assumes conditions that
can only be achieved during an intravenous infusion which has achieved "steady state", Le.
that the plasma concentration is constant, and that the amount of drug entering the body is
the same as that being eliminated per unit time. This is not accurate for situations where a
drug is being administered in intermittent boluses, as the plasma drug concentrations are
continually changing under these circumstances. The Vd(area) or the Vd~ are more ap
propriate under these circumstances, as both are calculated on the basis of changing plas
ma concentrations. VdB is actually the same volume as the Vd(area), and so these two terms
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may be interchanged [1]. Unless otherwise stated, any mention of the distribution volume
(Vd) in this book implies the VdB or the Vd(area).

Another commonly used term is the peripheral compartment. The peripheral
compartment volume is the volume remaining after subtracting Vc from Vd.

Elimination half life (T1I2e, T1/26).
Drugs are either excreted unchanged, or metabolized to a more water soluble form

and then excreted by the drug eliminating organs. Because drug must diffuse out of the
blood vessels into the eliminating organs, and the amount of blood presented to an organ
per unit time is flow dependent, the decline in plasma concentration due to elimination is
also described by an exponential equation, and so is also associated with a half life.

Clearance (CI).
Drug clearance is, as with urinary creatinine or urea clearance, a measure of the rate

at which a drug is eliminated per unit volume of drug concentration in the plasma. Only
total body clearance is referred to in this book. Total body clearance is related to the Vd
(i.e. Vd(area) or VdJ3) and the Tlne by equation 2 below.

T1/2e = 0.693xVd
CI (2)

This equation clearly shows the relationship of these three kinetic parameters, and
explains some of the effects of alterations of anyone of them on the T1/2e in patients with
disorders which affect either clearance or distribution volume, e.g. liver or kidney diseases.

Description of the plasma concentration curve after a single Intravenous bolus
injection.

From the discussion above it is now possible to explain the shape of the plasma con
centration curve as measured after a single intravenous injection. The initial rapid decline
ofplasma drug concentration is due to distribution (distributionphase), and occurs at a rate
determined by T1/2d, while the later slower decline is due to elimination (elimination
phase), and occurs at a rate determined by T1/2e. This is shown in fig. 15.1.2.

Relationship of kinetic parameters to body weight.
In the tables of kinetic parameters ofanaesthetic drugs that are given in appendix-A,

the parameters are related to the body weight. This is a convention that is often used,
however the relationship varies from one drug to another. For many drugs there is no rela
tion at all, e.g. thiopentone [2]. However it is perhaps practical to adhere to such a convent
ion when calculating dosages as there is then less chance of an inadvertent overdose being
administered.

USE OF KINETIC PARAMETERS and SIMPLE CALCULATIONS
The kinetic parameters in appendix-A may be used in a variety ofways, both didactic

and clinical.
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• To explain the effects of drugs.
• To calculate drug doses.
• To calculate intravenous infusion rates.

1. Some concepts.
Prior to beginning it is first necessary to list the basic concepts and equations neces

sary for understanding what is to follow.

a. Half life.
This is a pervasive concept in many fields where a process can be described by an ex

ponential factor. For our purposes it is not necessary to know precisely what the properties
of exponential equations are, only to know how to use the concept of a half life. A half life
for the purposes of pharmacokinetic calculations is the time taken for the drug concentra
tion, if it is falling, to drop by one half of the value at the beginning of that half life period.
If the concentration of a substance is rising to a given level, then it is the time necessary for
the drug concentration to rise to one half of the difference between the concentration ex
isting at the beginning of that half life period and the final concentration. This is set out in
table 15.1.2.

Table 15.1.2.
•• This table shows the change ofplasma concentration of a drug

with time as a percentage of the initial concentration achieved after
a single intravenous bolus, related to multiples of the drug half life.

•• The same is also shown for the situation of a constant intr
avenous infusion, where the change of the plasma drug concentra
tion with time is shown as a percentage of the target concentration
related to multiples of the half life of the drug.

NUMBER OF HALF Intravenous
LIVES bolus

(begin concn.
= 100%)

o 100
1 50
2 25
3 12.5
4 6.25
5 ~125

Intravenous
Infusion

(end concn.
=100%)

o
50
75
87.5
93.75
96.875
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b. Concentrations of drugs in various pharmacokinetic volumes.
The concentration of any substance dissolved in a given quantity of solvent is equal

to the amount of that substance divided by the volume of solvent. The same is true in
pharmacokinetics. In practical terms the clinician is concerned with three volumes when he
injects a drug intravenously. The plasma volume, Vc and Yd. Distribution of an injected
drug into these volumes results in one of three different concentrations.

Cpv = ONp (3)

Cve =ONe (4)

Cvd =ONd ..........(5)

o = dose of drug in mglkg body weight.
Cpv =plasma concentration of drug if it only distributes in the plasma volume (mgll).
Vp = plasma volume in Vkg [normal range = 0.04-0.045 Vkg, see chapter 14.1].
Cve = plasma concentration of drug if it only distributes throughout the Vc (mgll).
Cvd = plasma concentration of drug if it is distributed throughout the Vd (mgll).

c. Concentration after a repeat dosage.
The plasma concentration ofa drug after a repeat dosage and subsequent distribution

throughout the various kinetic compartments is given by the three equations below.

Cpv =X + OrNp (6)

Cve =X + OrNe (7)

Cvd =X + OrNd (8)

X = plasma concentration of drug at the time of repeat dosage.
Dr = repeat dosage in mglkg.

d. Minimum effective concentration (MEC).
The effects ofa drug on any given tissue usually only manifest after a minimum tissue

drug concentration has been achieved. Drug concentrations in most tissues are difficult to
measure, but are directly related to plasma drug concentrations, and indeed it has been
found that the effects of many drugs only occur once a minimum plasma concentration has
been exceeded. This is the Minimium Effective Concentration or MEC. Values for the
MEC of many drugs used in anaesthesia are listed in appendix A and appendix B.

2. Short-lasting effects of drugs with a long T1/2e.
There are many drugs in use whose clinical effect is short, in spite of the drug possess

ing a relatively longT1/2e. Agood example ofthis is thiopentone. In appendix-Athe elimina
tion half life is given as about 11.6 hours, but when administered at a dose of 3-5 mglkg to
adults, the duration of sleep that it induces is only about 5 minutes.
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A simple example calculation shows why thiopentone which has such a long elimina
tion half life can have such a short clinical effect. Consider an average dose of4 mg/kg. In
that case;

• MEC of thiopentone = minimum sleep concentration = 23 mgll.
• Cpv = 4/0.04 = 100 mgll.
• Cvc = 4/0.38 = 10.52 mgll.
• Cvd = 4/3.4 = 1.176 mgll.

It is apparent from these three calculations that the hypnotic effect ofthiopentone oc
curs before full distribution throughout the Vchas occurred, and is terminated by distrib
ution throughout the Vc, and certainly by redistribution to the Vd (Tl/2d =8.5 mins). The
concentration remaining after redistribution to the Vd, even were no elimination to have
occurred, is far below that required for hypnosis. Indeed, the duration of the hypnotic ef
fect of such a dose of thiopentone agrees well with this. In the first few seconds after in
travenous injection, the drug is mainly in the blood. At this point, the plasma thiopentone
concentrationin the blood leaving the heart is even higher than is given by the Cpv, as mixing

n•••• _n Is the MEC = 0.46 mg/I

CD 100 mg pethldlne/70 kg at time =0 minutes.

CD 200 mg pethldlne/70 kg at time =0 minutes.

CD 100 mg pethldlne/70 kg at time =18 minutes

SUbsequent to admInIstration of 100 mg

pethldlne/70 kg at time =0 minutes.

....
:::::::
01
E....
zo
<a:
~z
wo
~o
wz
Q
::I:
~
w
Q.

<
~en
<
..J
Q.

4

3

2

o
o 20 40 60 80 100 120 140

TIME (minutes)

FIGURE 15.1.3. - The concentration-time curve of pethidine injected intravenously at a dose
of100 mgl70 kg initially at point '1', and after 4 times the T1/2d the same dose is repeated at point
'3'. This shows that the second dose has a very much more prolonged effect than the initial dose
because ofdrug accumulation. A single dose of200 mgl70 kg at point '2' has the same duration of
effect as the two smaller doses of100 mgl70 kg, but at the cost ofa much higher initial plasma con
centration.
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with the whole blood volume is not instantaneous. The brain is an organ with a high rela
tive perfusion and receives a large proportion of the cardiac output. Therefore it is not
surprising that the induction of sleep is so rapid, and that awakening is also rapid after a
single dose. This also explains why agreater dose ofthiopentone is required to induce sleep
when it is injected slowly. Distribution throughout the Veoccurring during intravenous in
jection lowers the plasma concentration, so reducing the peak plasma concentration able
to be achieved. This same type of analysis is applicable to all drugs.

3. Repeat doses have a more profound and longer effect.
The anaesthetist frequently encounters the phenomenon that a repeat dose of a drug

has a more profound and longer lasting effect than the first dose. This observation is fre
quently made when administering intermittent thiopentone or opiates.

Consider the case ofpethidine. The usual clinical dosage both postoperatively and in
traoperatively is 1-1.5 mE¥kg. Consider a dose of 1.4 mf¥kg (100 mg in an average 70 kg
adult). The MEC = 0.46 mE¥kg. After intravenous injection of this dose Cve = 1.4/0.63 =
2.22 mg/I. This is well above the MEC.After about 4 distribution half lives = 4x4.1 = 16.4
minutes, the drug is almost completely distributed throughout the distribution volume [see
table 15.1.2], and the plasma concentration is given by Cvd = 1.4/3.0 = 0.46 mg/l. This is
not an unreasonable result as the T1/2e =3.2 hours, and so very little of the pethidine will
have been eliminated by 16.4 minutes. This concentration is sufficient for analgesia too, but
will fall below the MEC in less than one T1/2e. More pethidine is then required.

This has been simulated using a two compartment model for pethidine pharmaco
kinetic data [3], and is shown in figure 15.1.3. From figure 15.1.3. it is seen that the plasma
concentration falls under the MEC at about 18-20 minutes after intravenous injection. Ad
ministration ofanother dose of 1.4 mE¥kg pethidine (100 mgl70 kg) at this time elevates the
plasma concentration above that achieved by the first dose. This is also shown below, using
equations 7 and 8.

• Pethidine concentration at the time of repeat injection = 0.46 mgIl.
• Cve = 0.46 + 1.4/0.63 = 2.68 mg/l.
• Cvd = 0.46 + 1.4/3.0 = 0.92 mg/l.

Both concentrations are well above the MEC and the concentration should remain
above the MEC for about one T1I2e (3.2 hours). This is also confirmed by the simulation in
figure 15.1.3. Clinical practice also shows that a repeat dose ofpethidine has a longer anal
gesic effect than the initial dose.

Similar principles apply to a repeat dose which is smaller than the initial dose. Here
too the duration of action is also longer than would occur if that same dose had been ad
ministered without the preceding initial dose. These are good examples of the effects of
drug accumulation.

4. Use of distribution or elimination phase of a drug.
In some situations, such as during anaesthesia, it is desired that the action duration of

a drug be either long or short depending on requirements. An example of this is the use of
opiates. A given opiate may be required to provide intraoperative analgesia for a short
operation, or the same opiate may be used to provide long lasting intraoperative or pos
toperative analgesia. Both aims are able to be realized with the appropriate dosage, so that
the MEC is achieved only in the distribution phase for situations where short action is
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desired, and stays above the MEC in the elimination phase if a longer lasting effect is re
quired.

Consider the effects of two different doses ofpethidine, one dose of 1.4 mglkg = 100
mgl70 kg, and a dose of 2.8 mglkg = 200 mglkg [see also fig 15.1.3].

• MEC = minimum analgesic dosage = 0.46 mgll.
• 1.4 mglkg : Cve = 1.4/0.63 = 2.22 mgll : Cvd = 1.4/3.2 = 0.44 mgll.
• 2.8 mglkg : Cve =2.8/0.63 = 4.44 mgll : Cvd = 2.8/3.2 = 0.875 mgll.

It is apparent from these calculations that the analgesic effect of the lower dose is un
likely to last longer than the distribution phase of the drug, Le. about 16-17 minutes, while
the effect of the larger dose is such that the plasma concentration remains higher than the
MEC for about one elimination half life = 32 hours.

5. Single versus divided dosage.
One problem with administration of large doses of a drug is that the initial plasma

concentration is very high, with accordingly a greater chance ofundesired drug effects. This
problem may be minimized by injecting a large drug dose in smaller divided doses.

Consider the case of pethidine again. A problem with use of pethidine, as with any
opiates, in spontaneously breathing patients is respiratory depression. Respiratory depres
sion due to pethidine is measurable at the MEC, and the degree of respiratory depression
increases in direct proportion to the plasma pethidine concentation above the MEC [12].
One way of avoiding high plasma concentrations of any drug is to inject the total dose in
divided doses, e.g. instead of administering a single dose of 2.8 mglkg, the same dose could
be administered as two doses of 1.4 mglkg at an interval determined by the time that dis
tribution of the drug is likely to have occurred = 4xT1J2d = 16-17 minutes for pethidine.
This is shown in figure 15.1.3, and the calculations have already been demonstrated in the
previous examples.

This same method of analysis may of course be applied to any drug.

6. Duration of drug overdose or effect.
Sometimes a drug is inadvertently administered in a dosage that is higher than that

intended, or the wrong drug is injected, or an intravenous infusion is discontinued.
The kinetic parameters of the drug determine the duration of its effect after any of

these events. In general, it takes 3-4 elimination half lives for the amount of drug in the
body to diminish to about 10% of the initial quantity. However this says nothing of the ef
fect, which is determined by whether the plasma concentration is above the MEC or not.
This is able to be illustrated by the case of discontinuation of a midazolam infusion which
has been administered for sufficient time to have reached steady state. In such a case the
midazolam is distributed throughout all kinetic compartments, and any reduction of plas
ma concentration occurs by elimination. If the initial plasma midazolam concentrationwas
0.4 mgll at discontinuation of the infusion, then it will take two elimination half lives, Le. 2
x2.73 hours =5.46 hours, before the patient is likely to awaken, as the MEC or sleep con
centration for midazolam is 0.1 mgll [see appendix-A]. The author's own personal ex
perience with midazolam infusions has shown this simple method of analysis to be roughly
correct.

The method of calculation of the duration of drug effect after discontinuation of an
intravenous drug infusion that has not reached "steady state", or ofa single intravenous drug
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bolus are the same, but now the termination of effect is determined by both redistribution
and elimination processes.

Table 15.1.3.
The half life of the interval between

achieving a given plasma drug concentration
after intravenous injection, and the effect
associated with that concentration is listed for
various drugs (TmKeo).

DRUG

Thiopentone [4]
Etomidate [10]

Fentanyl [5]
Alfentanil [5]

d-Tubocurarine [6]
Vecuronium [11]

T1/2Keo
(minutes)

1.2
1.6

6.4
1.1

4.7-7.9
2.6

RELATIONSHIP OF PLASMA CONCENTRATION TO DRUG EFFECT
The impression may have been created in the preceding discussion that the effect of

a drug is directly related to the plasma or blood concentration. This is not entirely true.
Consider the case of an intravenous bolus of a drug. Shortly after injection, the plas

ma drug concentration is greater than the drug concentration in the tissues on which the
drug exerts its clinical effects. The drug is subsequently redistributed and eliminated.
During elimination the plasma drug concentration is lower than that in the tissues where
the drug exerts its clinical effects. It is apparent from this that the plasma concentration at
which the drug effects occur during the distribution phase is higher than that at which the
same effect occurs during the elimination phase. This is because it takes time for the drug
to diffuse from the blood into the effector tissues, and vice versa Because the process is
one of diffusion, it is also described by an exponential equation, and as such is associated
with a half life, the T:uzKeo. Table 15.1.3 lists the TmKeo for some drugs. It should be noted
when looking at these figures that clinical effects can manifest before even one TmKeo has
elapsed. This is determined by the dose ofthe drug administered. Ahigh initial plasma drug
concentration will cause rapid elevation of the tissue drug concentration.
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During an intravenous infusion of a drug, the same arguments apply to the plasma
concentrations at which adrug effect occursafter starting anddiscontinuationofaninfusion.
However there is a direct relationship between plasma drug concentration and effectwhen
the intravenous infusion has achieved steady state conditions, as the relationship between
plasma and tissue drug concentrations is constant at this time. "Steady state" has occurred
during an intravenous infusion when the amount of drug infused into the body equals the
amount being eliminated.

CALCULATIONS USING KINETIC PARAMETERS
The preceding paragraphs have shown the didactic uses to which these simple

pharmacokinetic principles can be put, but it is also possible to perform a number of clini
cally useful calculations using the kinetic data in appendix-A Some of these formulae have
been discussed in the preceding paragraphs. They may be used to calculate;

• degree of ionization of a drug at a given pH,
• bolus intravenous dosages, and subsequent repeat dosages,
• or intravenous infusion regimes.

1. Drug Ionization.
The tables of kinetic data in appendix-A also give the pKa ofmany of the drugs. The

pKa is the pH at which 50% of the drug is ionized in solution. This, plus knowledge of
whether a drug is an acid or a base may be used to calculate the degree of ionization at any
pH of a drug whose pKa is known.

Most drugs are only active in their non-ionized state. But there are some drugs, e.g.
local anaesthetic agents and neuromuscular blocking drugs, which are only active when
ionized. Diffusion of drugs across biological membranes is only possible in the non-ionized
state. These few aspects ofdrug transfer make it apparent that the degree ofionization does
have practical significance.

Formulae which may be used to calculate the percentage ionization at any pH for acid
and basic drugs are presented below.

ACIDS
%IONIZATION =100 x [antllog(pH-pKa))/[1 + antllog(pH-pKa)) ....(9)

BASES
%IONIZATION =100 x [antllog(pKa-pH))/[1 + antllog(pKa-pH)) ....(10)

1. Bolus intravenous dosages and SUbsequent repeat doses.
a. Bolus dose calculation.

The magnitude of an intravenous bolus dose depends on the effect desired. The
relevant formulae are listed below.

Dpv =Cp xVp (11)
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Dvc =Cp x Vc .....•...•..•(12)

Dvd =Cp X Vd ••.•..•••••••(13)

Cp = desired plasma concentration in mgll.
Opv, Dve, Dvd = the minimum dose of a drug in mg required to achieve a given Cp if the
drug is only to achieve that concentration if distributed only in the plasma volume, Ve or
Vd respectively.

The duration of drug effect is able to be very roughly approximated by using the plas
ma half lives and the MEC for the drug in question, and the methods already used.

b. Calculation of a repeat dose.
Calculation of the magnitude of a repeat dose may be done by rearranging the equa

tion below.

C =X + ON (14)

Where C is the concentration achieved after administering a dose 'D' of a drug which
is distributed throughout a volume 'V', while there was already some drug present in the
body with a plasma concentration 'X'.

Equation 11 may be rearranged to give the three formulae below.

Opv =Vp x (Cp - X) •••..••.(15)

Dvc =Vc x (Cp - X) •...••..(16)

Dvd =Vd X (Cp - X) .•••.•..(17)

The duration ofthe effect of the repeat dose canbe roughly calculated using the MEC
and the half lives.

Example.
Consider the use of the drug fentanyl. Assume an average 70 kg patient, to whom 0.2

mg fentanyl is administered at the start of an operation.

• The initial plasma concentration is Cve = 0.2/(70 x 0.77) = 0.0037 mgll, which is
above the MEC of 0.001-0.002 mgll. The patient initially has sufficient analgesia
for a not too painful operation. But the plasma concentration of fentanyl falls to
0.0018 mgll after one distribution half life = 9 minutes, after which analgesia is
just adequate. Mer 2 distribution half lives = 18 minutes, the plasma concentra
tion is about 0.0009 mgll which is inadequate for analgesia.

• The operation is expected to last another 4 hours, and the anaesthetist decides
that he wishes to administer a single dose of fentanyl to provide analgesia for this
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time. Let the Cp at the end of the operation be 0.001 mgll, a concentration just in
sufficient to provide intraoperative analgesia. As one elimination half life of fen
tanyl is about 4.4 hours, the repeat dose should be such that the Cvd at the begin
ning of the 4 hour period is 0.002 mgll. The existing plasma concentration of fen
tanyl at the time of the repeat dose is 0.0009 mgll, therefore using equation 17 of
this chapter, the Dvd is;

.Dvd = 3.81 x (0.002 - 0.0009) = 0.0042 mglkg = 0.293 mgJ70 kg.

The supplemental dose required to provide analgesia for 4 hours is about 0.29 mg for
this hypothetical 70 kg patient.

It may be said that this simulation does not actually correspond with reality. But it
should always be remembered that during anaesthesia, fentanyl is always administered
simultaneously with other drugs which potentiate its analgesic effect, e.g. nitrous oxide,
anaesthetic gases, opiates in the premedication, etc..

3. Calculation of an Infusion regime.
It is occasionally desired to administer anaesthetic drugs by intravenous infusion.

There are a number of factors that must be considered when considering such an infusion.

a. Calculation of infusion rate.
When an intravenous drug infusion has achieved "steady state" conditions, the rate at

which a drug is infused is equal to the rate at which it is eliminated from the body. In addi
tion, the plasma concentration of the drug is constant, and the relationship between the
plasma and other tissues drug concentrations is also constant. The rate of infusion under
steady state conditions is dependent on only one kinetic parameter, the whole body
clearance of the drug, and is calculated in the same way regardless of the number of
compartments in the kinetic model used for that drug.

Q =Cpss x CI •....•..•(18)

Q = infusion rate, mglkglhr.
Cpss = steady state plasma concentration in mgll.
CI = whole body clearance of drug as lIkglhr.

b. Calculation of loading dose.
Ifan intravenous infusion is commenced at aconstant infusion rate calculated byequa

tion 18 above, it takes 4 elimination half lives of that drug before the plasma concentration
has reached 93.75% of the desired Cpss•This is not a problem for drugs such as dobutamine
with avery short T1/2e, but it means that the infusion has little to no clinical effect for a long
time for drugs with a long T1/2e. This is because it takes time for the infused drug to distrib
ute within the body. To bypass this problem a "loading dose" of the drug is administered
simultaneously with the commencement of an intravenous infusion.

The purpose of a loading dose of a drug is to rapidly provide a plasma concentration
of that drug equal to or greater than the Cpss, and maintain that concentration greater than
this until the infusion can maintain the plasma drug concentration at the Cpss. There are a
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large number of methods of calculating and administration of a loading dose, each with its
own advantages and disadvantages. The interested reader is referred to the papers by Wag
ner [7], Rigg and Wong [8], and Lauven et al [9].

By far the simplest, and clinically most easily applicable, method of calculating and
administering a loading dose is to use the method of Mitenko and Ogilvie [8]. The loading
dose is administered as an intravenous bolus at the same time as the infusion is started.
Loading dose is calculated on the basis ofthe loading dose achieving the Cpss if it were dis
tributed throughout the Vd.

DL =Cpss X Vd ••••••••(19)

DL = loading dose in mg/kg

Ofcourse, shortly after injection the drug is only distributed within the VCo and so the
plasma concentration is much higher than the Cpss. The drug then redistributes throughout
the Vd, and simultaneously with this redistribution process, the intravenous infusion is also
infusing drug into the body. The result of this is that the plasma concentration never falls
below the Cpss. One disadvantage of this technique is that the initial plasma concentration
of drug may be high enough to cause undesired effects from the drug being infused.
However in practice this does not arise too often, and is able to be avoided by dividing the
loading dose into smaller doses and administering them at intervals, or as an infusionwhere
the duration of the loading infusion is short in relation to the T1/2e of the drug.

An example of the application of these equations is the calculation of an infusion of
midazolam for hypnosis of patients in an intensive care unit [kinetic data and MEC are to
be found in appendix-A].

• desired Cpss = MEC =0.1 mgll = threshold plasma concentration for hypnosis.
• DL = Cpss xVd = 0.1x 1.91 = 0.191 mg/kg = 13.4 mg/70 kg.
• Q = Cpss x CI = 0.1 x 0.48 = 0.048 mg/kglhr =3.4 mg/70 kglhr.

As can be seen, the calculations are not difficult. Should the infusion be inadequate,
the infusion rate can always be increased after administration ofanother intravenous load
ing dose, using equation 20 in this chapter to calculate the new loading dose, and equation
18 to calculate the new infusion rate.

DL(repeat) =Vd x (Cpss· X) (20)

x = plasma drug concentration existing at time of repeat loading dose.
DL(repeat) = repeat loading dose.
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Chapter 15.2

FACTORS MODIFYING DRUG KINETICS

Disease and variations of normal physiology can considerably modify drug kinetics,
as well as altering the responses of the patients affected to any drugs that are administered.
These effects should all be taken into account when selecting and using anaesthetic drugs.
This subject has already been touched upon in the chapters dealing with specific diseases,
and this chapter will further discuss some of these factors.

RATE & ROUTE OF DRUG ADMINISTRATION
1. Oral administration.

The peak plasma concentration of a drug is usually achieved at a time between 1-3
hours after oral administration. Hepatic clearance oforally administered drugs as they enter
the liver via the portal vein after intestinal absorbtion, reduces the amount of drug actual
ly entering the systemic circulation. This is called the "first pass effect".

2. Intramuscular administration.
Drug absorbtion is more rapid after intramuscular injection in the deltoid than in the

gluteus muscle, as the deltoid is more vascular than the gluteus muscle. Peak plasma drug
concentrations occur about 30 minutes after intramuscular injection of most opiate and
sedative drugs. One advantage of intramuscular administration is that the total quantity of
the drug actually reaching the circulation is not initially reduced by the "first pass effect".

About one hour after intramuscular administration ofopiates, the plasma concentra
tions, and their rate of decline, are the same as that occurring one hour after intravenous
administration of the same opiate at the same dose [21,22]. This has clinical application, as
intravenous bolus drug kinetics may then be used to approximately calculate drug con
centrations after this time. A clinical application of this is the calculation ofdosage schemes
for intramuscular administration of opiates for analgesia.

3. Intravenous administration.
Most drugs used during anaesthesia are administered intravenously. There are anum

ber of clinically important consequences ofusing the intravenous route ofdrug administra
tion.

a. High plasma concentrations.
As drugs are injected directly into the systemic circulation, no hepatic drug extraction

occurs during drug absorbtion as it does after oral drug administration. In addition to this,
drug entry into the systemic circulation is more rapid after intravenous than after any other
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route of administration. Both of these factors mean that peak plasma drug concentrations
are higher after intravenous administration than after oral administration. Any drug related
undesired effects due to high plasma drug concentrations are accordingly more likely after
intravenous, than after oral administration.

b. Rate of administration.
The more rapidly a drug is administered intravenously, the higher the initial intracar

diac, vascular smooth muscle, and cerebral concentrations of that drug. This has a number
of important clinical consequences.

i. Some drugs relax vascular smooth muscle, e.g. the barbiturates P], or depress the myocar
dium as do etomidate and thiopentone [2]. Many drugs have both effects. Rapid in
travenous injectionwill cause such drugs to induce amore profound degree ofcardiovas
cular depression than would occur with a slower injection rate.

ii. If the drug has a central nervous system effect, e.g. hypnosis, rapid intravenous injection
will induce hypnosis more rapidly at a given dose because of the higher brain drug con
centrations achieved. Another consequence of this is that a smaller dose of a hypnotic
drug is required to induce a given level of hypnosis if it is injected rapidly.

CARDIAC OUTPUT
Cardiac output has aprofound effect on drug kinetics, as it is blood flow to the various

organs of the body that determines the rates of redistribution and elimination of a drug.

1. Low cardiac output.
There are anumber ofcauses ofreduced cardiac output particularly relevant to anaes

thetic practice.

• High doses of gaseous anaesthetic drugs.
• High spinal or epidural anaesthesia.
• Hypovolaemia.
• Circulatory shock.
• Heart failure.
• Hypothyroidism.
• Hypothermia.
• Old age.

a. Reduction ofthe cardiac output causes a lengthening of the T1/2d as drugs are more slow
ly redistributed from organs with a relatively high flow to organs with a lower relative flow.
A good example of this is the slower kinetic intercompartemental transfer rates ofthiopen
tone in persons with a low cardiac output [3].

b. If a drug remains longer in the central circulation, the heart and blood vessels are sub
jected to high concentrations ofdrug for a longer time. More drug diffuses into the myocar
dium and blood vessel walls. The result of this is a more profound cardiovascular depres
sion due to drugs capable of this.
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c. Organs with the highest relative blood flows are those with the highest tissue drug con
centrations shortly after intravenous drug administration. One consequence of this is that
the sleep dose ofanaesthetic inductionagents isdecreased in directproportion to any reduc
tion of cardiac output, as the relative proportion of the cardiac output going to the brain in
creases with decreasing cardiac output [see table 2.8.1]. Certainly this has been shown to
be the case with thiopentone, where the sleep dosage is directly proportional to the cardiac
output [3].

d. A reduced cardiac output means reduced venous and arterial flow rates. It takes longer
for an intravenously administered drug to reach its target organs, and the effect lasts longer
as the drug is eliminated more slowly.

e. The extraction of a drug by liver or kidney may be so great that liver or kidney blood flow
are important determinants of the Tl/2e. A reduction ofcardiac output decreases clearance
of such drugs, e.g. lignocaine [4].

2. Elevated cardiac output.
Causes ofelevation ofcardiac output relevant to anaesthetic practice are listed below.

• Pain.
• Anxiety, terror, fear, etc.
• Fever.
• Inotropic drugs.
• Hyperthyroidism.
• Liver disease.
• Right-to-Ieft intracardiac shunting.
• Arteriovenous shunting, e.g. renal haemodialysis shunts.
• Administration of vasodilator drugs.

The effects of a high cardiac output are the reverse of those occurring with a low car
diac output. Time to onset ofaction is reduced, action duration is less than usual, and there
is less cardiovascular depression from drugs which are capable of doing this. The dosage
required for a given effect is larger because redistribution and elimination occur more
rapidly. For example, induction of hypnosis in a patient with an elevated cardiac output re
quires a higher dose of an induction agent, e.g. thiopentone, as elevation of cardiac output
significantly shortens the time for distribution from the plasma to the VCo This is frequent
ly observed in febrile, or very anxious patients and those with severe liver disease. These
patients not only require a greater than normal dose ofa hypnotic drug to induce sleep, but
also wake up from that dose more rapidly than normal patients.

ALTERED KINETIC COMPARTMENTAL VOLUMES
Variations in normal physiology or disease may change the various kinetic compart

mental volumes.
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1. Reduced blood volume.
Theblood is the first volume inwhich an intravenously injected drugis mixed. Areduc

tion ofblood volume increases the initial plasma concentration of a given dose of a drug in
direct proportion to the reduction of blood volume [see equation 2, chapter 14.4], with as
a result the hypnotic dose of intravenous anaesthetic drugs such as ketamine and thiopent
one are decreased by the same percentage as the reduction of blood volume [7]. In addi
tion to the reduction of hypnotic dosage, the higher initial plasma concentration of a given
dosage of most drugs causes a more profound cardiovascular depression [8,9].

a. Vcand hypovolaemia.
The Vc is not reduced by hypovolaemia, except for drugs such as non-depolarizing

neuromuscular blocking drugs whose Vc is about equal to the plasma volume. Usually the
Vc is much greater than the blood volume, so any reduction of the blood volume sufficient
to cause significant haemodynamic effects is unlikely to affect the Vc.

Example.
Consider the effect of a 50% reduction of the blood volume on the Vc of midazolam.

• blood volume = 0.07 Vkg.
• Vc of midazolam = 0.58l/kg.
• New Vc after 50% reduction of the blood volume = 0.58 - 0.07/2 = 0.545 Vkg.

A 50% reduction ofblood volume will in theory reduce the Veto 0.545 Vkg, hardly a
large reduction from 0.58 Vkg. Indeed, the absence of any significant effect ofhaemorrhage
of up to 30% of the blood volume on the Vc has been confirmed experimentally for
midazolam [8].

b. Vd and hypovolaemia.
Similarly, by consideration of the above example, and reference to appendix-A, it is

apparent that the distribution volumes of most drugs will not be significantly altered by
degrees of haemorrhage that are compatible with life.

2. Reduced central compartment volume.
The central compartment is not really an anatomical compartment, but is a functio

nal compartment whose volume is determined by the blood volume, the cardiac output and
the rate at which a drug can diffuse into perivascular tissues. It is the cardiac output that
determines the rapidity with which blood is distributed throughout this compartment.

Reduction of the Vc may be caused by a number of factors.

• Reduced cardiac output.
• Old age, e.g. thiopentone [5] or etomidate [6].

A reduction of the Vc means that the initial plasma concentrations of a drug after in
jection are higher than normal for a given dose. As a result of this the initial myocardial,
vascular smooth muscle, and brain concentrations of the drug are also higher than normal
for a given dose of that drug.
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a. If a drug causes cardiovascular depression, the higher myocardial and vascular smooth
muscle concentrations induce a greater degree of depression than normal at all dosage
levels.

b. Higher brain concentrations of drugs for a given dose mean that a lower dosage of hyp
notic drugs is required for a given depth of hypnosis, e.g. of thiopentone [5] and etomidate
[6].

3. Altered distribution volume.
The distribution ofdrugs depends on a number offactors, such as the degree ofioniza

tion, protein binding, fat solubility and water solubility. The main effect of a change of Vd
is to change the TlI2e. The relationship between VdB, CI and Tl/2e is given by equation 1.

T1/2e = 0.693 x VdB
CI (1)

a. Highly ionized and water soluble drugs are distributed almost exclusively throughout the
ECFV, e.g. neuromuscular blocking agents and dobutamine. An increase ofthe ECFV such
as occurs in cardiac oedema increases the Vd of such drugs, e.g. dobutamine [10]. A reduc
tion of the ECFV as occurs in old age and dehydration would be expected to decrease the
Yd.

b. Highly protein bound drugs tend to a have a smaller volume of distribution than poorly
protein bound drugs, as they tend to remain bound to plasma proteins within the circula
tion. Hypoproteinaemia increases the plasma free drug concentration, and so increases the
Vd of such drugs, because more of the drug is able to diffuse out of the circulation. The
clinical effect of a given dose of highly protein bound drugs is increased in proportion to
the degree of hypoproteinaemia in hypoproteinaemic patients [11].

c. The Vd of highly fat soluble drugs is increased in obesity due to the relative increase in
body fat per unit body weight, e.g. midazolam [12]. The effect ofan elevation ofVd without
any change in whole body clearance is an increase ofTl/2e.

ALTERATIONS OF WHOLE BODY CLEARANCE
The clearance is what determines the rate of elimination ofa drug. It is related to the

VdB and the Tl/2e by equation 1above. Areduction ofclearance increases T1J2e, increasing
the duration of effect of drugs whose clinical action duration is determined by Tl/2e. The
reverse occurs with increased drug clearance.

Whole body clearance of a drug is dependent on a number of factors.

1. The cardiac output.
The greater the quantity of drug that is presented to a drug metabolizing and excret

ing organ per unit time, the greater the quantity of drug that is eliminated, and the geater
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the clearance. Drugs whose hepatic or renal extraction is low have a clearance which is less
dependent on organ flow than those drugs whose extraction is high.

2. Protein binding.
The more highly protein bound a drug, the less free drug there is available for dif

fusion out of the capillaries into the parenchyma of organs eliminating that drug, and so the
less the clearance.

3. Intrinsic organ clearance.
This is the ability of the eliminating organs to eliminate drugs. Patients with liver or

renal dysfunction, or both, have a reduced intrinsic clearance of one or both of these or
gans [see chapters on liver and renal disease].

EFFECTS OF SPECIFIC CONDITIONS ON KINETICS AND DRUG EFFECTS
Variations of normal physiology, and disease may all alter the kinetics and effects of

drugs administered during anaesthesia. These will be discussed briefly below.

1. Hypovolaemla.
Both the blood volume and cardiac output are reduced. The effects of these changes

have been discussed above [see also chapter 14.4].

2. Cardiac failure and myocardial Infarction.
The cardiac output is reduced in cardiac failure, and is reduced after a myocardial in

farction in which more than 20-25% of the myocardium has been damaged [see chapter
2.9]. The effects of reduced cardiac output on drug kinetics have already been discussed in
this chapter. Oedema due to heart failure may elevate the Vd of some more water soluble
drugs.

3. Changes of body temperature.
The cardiac output is elevated in febrile patients [12], and reduced in hypothermia

[13]. The effects of these changes have been discussed.

4. Acid-base disorders.
Acid-base disorders affect the degree ofdrug ionizationby altering the pH ofthe body

fluids. The percentage ionization of a drug can be calculated using equations 9 and 10 in
chapter 15.1. Because the exact pH in each tissue is never known, all that can be said is that
the degree of ionization is changed by an acid-base disorder. Acidic drugs are more ionized
in alkalosis, and less ionized in acidosis, while the reverse is the case for basic drugs. The
degree of ionization of a drug affects both the ability of the drug to penetrate into the tar
get organs, as well as its activity once there. For example;

a. the ionized form of a drug cannot cross biological membranes,

b. except for muscle relaxant and local anaesthetic drugs, it is the non-ionized form of a
drug that is active.
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• Consider the case ofthe local anaesthetic drugs. These are basic drugs which must
diffuse into the nerve axon where they are active. Diffusion across biological
membranes only occurs when the drug is in a non-ionized form. Once inside the
axon, it is the ionized form which blocks the sodium channels. Acidosis, either
local or generalized, reduces the effect of these drugs by increasing the percent
age of ionized drug in the extracellular space, so decreasing the amount of local
anaesthetic that can diffuse into the axon. The reverse occurs with alkalosis.

• The opiates are another important drug group whose distribution is influenced by
acid-base status. These are also basic dugs. Alkalosis significantly increases, and
acidosis decreases the brainconcentration ofmorphine [14] and fentanyl [15] rela
tive to the plasma concentration. The effect of these changes is that alkalosis in
creases the potency of opiates, while acidosis reduces opiate potency.

5. Altered plasma protein concentrations.
Hypoproteinaemia increases the free plasma concentration of a drug. This increases

the effect of a given dosage of a highly protein bound drug as there is more free drug avail
able to diffuse into tissues where the drug is active.

Another effect of hypoproteinaemia is to increase plasma clearance ofhighly protein
bound drugs as more drug is available to diffuse into the liver and renal glomerular filtrate.

The reverse effects are true for hyperproteinaemia.

6. Renal disease.
See chapter 9.4.

7. Liver disease.
See chapter 10.3.

8. Obesity.
Obesity has considerable effects on drug kinetics [16]. The Vd of lipophilic drugs in

creases while the clearance is generally not much changed. The result is a lengthening of
the elimination half life of these drugs.

Another effect is observed with volatile anaesthetic agents. These are ingeneral avery
lipophilic group of drugs. However despite this the recovery from general anaesthesia is
not delayed with these drugs relative to the speed of recovery with intravenous agents [17].
But the degree of metabolism of these drugs as a group is probably increased in obese
patients. Certainly this is the case for halothane [18].

9. Old age.
The physiological performance and composition of the body varies with age. This has

a corresponding effect on drug kinetics and pharmacodynamics [20]. The elderly adult has
undergone a number of significant physiological changes relative to the young adult.

• The resting cardiac output in the 70 year old adult is on average about 30% less
than that an adult of 20 years of age [19].

• Plasma albumin concentration decreases with age [20].
• The quantity of body fat increases with age in both men and women, eventually

becoming double that in young persons [20].
• Renal function declines with age [20].
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The implications of all these changes have been discussed in the beginning of this
chapter. In general, the elimination half lives of most drugs are increased in the elderly,
either due to elevationofthe Vd, reduction ofthe clearance,orboth.The changes inphysiol
ogy due to the aging process causes most drugs used in anaesthesia to induce a greater de
gree of cardiovascular depression in aged patients than that which occurs in younger per
sons who are administered the same dose.
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APPENDIX-A

ANAESTHETIC DRUG KINETIC, DYNAMIC & METABOLIC
PARAMETERS

The table in this appendix lists the clinically most relevant properties of many of the
drugs commonly used in anaesthesia. Pharmacokinetic parameters are for healthy adult
volunteers, or ASA class I-II adults undergoing elective surgical procedures. These
parameters are of course somewhat different in other age groups, such as the very young or
aged, and are also modified by disease [see chapter 15.2].

This table has as its main purpose the provision of data with which;

• a more informed estimate can be made as to the duration of drug effect in the
average patient,

• the dose at which a given effect may be expected,
• data with which to calculate intravenous infusion regimes,
• and as an aid to selection of drugs in those patients with diseases affecting the or

gans eliminating the drugs used, the protein binding, or acid-base balance.

Data used for the table are derived from a large variety of sources. Kinetic data are
as far as possible derived from single intravenous bolus, rather than an intravenous infusion
studies. Studies using a two-compartment analysis were given preference over those using
a three-compartment analysis as this increases the accuracy of kinetic calculations which
use the equations and methods in chapter 15.1 more accurate. Only those kinetic studies
where the plasma concentrations were measured for at least three elimination half lives of
the drugs were chosen. The units in which the parameters are expressed may deviate some
what from the standard units given in many articles. However this is done with a view to
eliminating conversions from one unit to another when making simple calculations.

Various abbreviations are used in the tables. These are explained below.

• '*' after the drug name means that the kinetic data are derived from a three
compartment model.The kinetic data for drugs which do not have an asterisk after
the name are derived from a two compartment model.

• T1/2d = distribution half life in minutes.

• T1/2e = elimination half life in hours.

• Vc = central compartment volume in liters/kg.
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• Vd = the VdJ3 or the Vd(area) distribution volume calculated on the basis ofchang
ing plasma concentrations of the drug as after intermittent intravenous bolus in
jection, in liters!kg.

• CI = plasma or whole body clearance of the drug in liters/ kg/hour.

• MEC = minimum effective plasma drug concentration.

• SLEEP = minimum plasma concentration required to induce sleep.

• ANALGESIA = minimum plasma concentration required for perioperative anal
gesia.

• EC95 = plasma concentration at which a neuromuscular blocking agent causes
95%, (relative to pre-drug control), twitch height depression ofperipheral skele
tal muscles on testing with a peripheral nerve stimulator. This degree of muscle
relaxation is sufficient for intra-abdominal surgery.

• pKa = the pH at which a substance is 50% ionized in solution. The 'B' and 'A'
after the pKa indicates whether the drug in question is an acid or a base.

• % IONIZED (pH =7.4) = percentage ionization of a drug at pH = 7.4.

• ELIMINATION = percentage of drug eliminated by various means per 24 hours.

• BILE =percentage of drug dose excreted unchanged in the faeces per 24 hours.

• URINE = percentage ofdrug dose excreted unchanged in the urine per 24 hours.

• METAB = Percentage of dose metabolized per day in the body.

N.B. Should any reader wish to perform computer or other mathematical simulations using
these data he is advised to refer to the original articles for a more extensive view of the
kinetic data for these drugs. Useful algorithms for computer simulation of two-compart
ment kinetics are to be found in reference 79, and for three compartment model simula
tion in reference 80.
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APPENDIX- B

KINETIC PARAMETERS OF CARDIOVASCULAR STIMULANT DRUGS

Regrettably there have been few studies made of the pharmacokinetic properties of
the vasoactive drugs, despite the fact that they are in common dailyuse. Because evenfewer
studies have been made of vasodilator drugs than of cardiovascular stimulant drugs, only
kinetic data of the cardiovascular stimulants is presented. The abbreviations used are the
same as those used in appendix-A

KINETIC & DYNAMIC PARAMETERS OF CARDIOVASCULAR STIMULANT
DRUGS

DRUG T1/2d T1/2e Vc VdB CI
(min) (min) (1/kg) (1/kg) (1/kg

Imln)

MEC
(lI-g/l)

REFER
ENCES

Adrenaline 3.07 10.9 ? 1.89 0.12 0.1 1,2
Calcium ? ? ? 0.2 ? 2.8 mmol 3
Digoxin ? 39 hrs ? 6.96 0.0012 >0.8
Dobutamine ? 2.37 ? 0.2 0.06 42 4
Dopamine 0.9 9.2 ? 0.89 0.072 70 5
Ephedrine ? 405 ? 3.18 0.006 ? 6
Isoprenaline 2.5-5 3-7 hrs ? ? ? ? 7
Noradrenaline 2 34 ? 1.96 0.04 1.8 8,9

REFERENCES
1. Fitzgerald,GA., et al.,(l980), Circulating adrenaline and blood pressure: the metabolic effects and kinetics

of infused adrenaline in man. EUROPEAN JOURNAL OF CLINICAL INVESTIGATION, 10,401-406.
2. Clutter,W.E., et al.,(1980), Epinephrine plasma metabolic clearance rates and physiologic thresholds forr

metabolic and hemodynamic actions in man. JOURNAL OF CLINICAL INVESTIGATION, 66, 94-101.
3. Denlinger,J.K., et al.,(l975), Cardiovascular responses to calcium administered intravenously to man during

halothane anesthesia. ANESTHESIOLOGY, 42, 390-397.
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4. Kates,R.E., Leier,C.V.,(1978), Dobutamine pharmacokinetics in severe heart failure. CLINICAL PHAR
MACOLOGY AND THERAPEUTICS, 24, 537-541.

5. Jiirnberg,P.O., et al.,(1981), Dopamine infusion in man. Plasma catecholamine levels and pharmacokinetics.
ACfA ANAESTHESIOLOGICA SCANDINAVICA, 25, 328-331.

6. Pickup,M.E., et al.,(1976), The pharmacokinetics ofephedrine after oral dosage in asthmatics receivingacute
and chronic treatment. BRITISH JOURNAL OF CLINICAL PHARMACOLOGY, 3,123-134.

7. Kadar,D., et al.,(1974), Isoproteranol metabolism in children after intravenous administration. CLINICAL
PHARMACOLOGY & THERAPEUTICS, 16,789-795.

8. Esler,M., et al.,(1981), Effect of norepinephrine uptake blockers on norepinephrine kinetics. CLINICAL
PHARMACOLOGY & THERAPEUTICS, 29, U-20.

9. Silverberg,A.B., et al.,(1978), Norepinephrine: hormone and neurotransmitter in man. AMERICAN JOUR
NAL OF PHYSIOLOGY, 234, E252-E256.



APPENDIX· C

ABBREVIATIONS

RESPIRATORY PHYSIOLOGY
VC = vital capacity.
FEV1 = forced expiratory volume in 1second.
PEFR = peakexpiratory flow rate.
CC = closing capacity.
VT = tidal volume.
FRC = functional residual capacity.
RV = residual volume.
Vo = dead space volume.
MV = minute volume (expiratory).
MBC = maximum breathing capacity in one minute.
VA = alveolar ventilation.
(A-a)Do2 = alveolar arterial P02 difference.
IPPV = intermittent positive pressure ventilation.
PEEP = positive end expiratory pressure.
02 = oxygen.
V02 = oxygen consumption.
C02 = carbon dioxide.
VC02 = carbon dioxide production.
Fi02 = fractional inspired oxygen concentration.
PA02 = alveolar partial pressure of oxygen.
PAC02 = alveolar partial pressure of carbon dioxide.
Pa02 = arterial partial pressure of oxygen.
PaC02 = arterial partial pressure of carbon dioxide.
S02 = percentage saturation of haemoglobin with oxygen.
FS02 = fractional saturation of haemoglobin with oxygen.

CARDIOVASCULAR PHYSIOLOGY
HR = heart rate = pulse rate.
SV = stroke volume.
CO = cardiac output.
SVR = systemic vascular resistance.
PVR = pulmonary vascular resistance.
SABP = systolic arterial blood pressure.
MABP = mean arterial blood pressure.

609
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DABP = diastolic arterial blood pressure.
CVP = mean central venous blood pressure.
PCWP = pulmonary capillary wedge pressure.

FLUID PHYSIOLOGY
BV = blood volume.
PV = plasma volume.
TBW = total body water.
ICFV = intracellular fluid volume.
ECFV = extracellular fluid volume.
ISFV = interstitial fluid volume.
[Hb] = haemoglobin concentration.
Hct = haematocrit (%).

PHARMACOKINETICS AND DYNAMICS
I.m. = intramuscular.
I.v. =intravenous.
T1/2d = distribution half life.
T1/2e = elimination half life.
Vc =volume of central drug compartment.
Vd = volume of distribution of a drug.
CI =whole body clearance of a drug.
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APPENDIX· D

CONVERSION FACTORS

PHYSICAL UNITS
Pressure
1Atmosphere = 760 mmHg = 101.33 kPa = 1Bar
1 kPa = 7.5 mmHg = 10.2 em H20
1 mmHg = 0.133 kPa = 1.36 em H20
1 cm H20 = 0.09806 kPa = 0.735 mmHg

Length
1 em = 0.394 inch
1 inch = 2.54 em

Urea

Sodium

Glucose

Proteins

Bilirubin

Chloride

Bicarbonate

Calcium

Potassium

BIOCHEMICAL &HAEMATOLOGICAL PARAMETERS
Haemoglobin 1gm/100 mls = 0.6205 mmol/1

1mmol/1 = 1.612 gm/l00 mls

1gm/l00 mls = 10 gmIl

1mg/l00 mls = 17.1 mol/1
1 mol/1 = 0.0585 mg/l00 mls
1 mg/l00 mls = 0.055 mmol/1
1mmol/1 = 18.18 mg/lOO mls

1mol/1 = 88.5 mg/l00 mls
1mg/l00 mls = 0.0113 mol/1

1 mmol/1 = 0.167 mg/l00 mls
1mg/l00 mls = 5.988 mmol/1

1 milliequivalent/l = 1 mmol/1

1 milliequivalent/l = 1 mmol/1

1 mg/l00 mls = 0.25 mmol/1
1 mmol/1 = 4 mg/l00 mls

1 milliequivalent/l = 1 mmol/1

1milliequivalent/l = 1mmol/1

Creatinine
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Acebutalol, kinetics and dosage, 126
Acenocoumarol, dose and duration of effect, 247
Acetazolamide, metabolic alkalosis treatment
wlth,497
Acetylcholine release, hyperkalaemla and, 444
Acetylcholinesterase blockers,
· chronic obstructive airways disease and, 199
· myotonia and, 337
Acetylsalicylic acid, bleeding time and, 254
Acidosis,

arrhythmias and, 490
atrioventricular conduction slowed by, 490
cardiac output, importance of sympathoadrenal
response, 491
cardiac output and, 491
catecholamine release from adrenal medullae
and,488
catecholamine release from nerve terminals
and, 488
catecholamines, reduced effect of, 489

· chronic, unconsciousness and, 314
· enhanced tissue oxygenation, factors causing,

493
· erythrocyte deoxygenation rate Increased by,

476
hypercarbic respiratory drive and, 172
hyperkalaemla, not always present, 489-490
hyperkalaemia and, 442
hypovolaemia and, correction of acidosis and,
552
hypoxic respiratory drive and, 172
lactate production reduced by, 487-488
management, sodium bicarbonate and, 496
497
metabolic,

characteristics of, 467
acute, speed of new eqUilibrium, 467
causes, 484
compensation for, 469
intracellular, due to bicarbonate administra
tion,485
management, 496-497
ventricular fibrillation threshold reduced by,
490

mitochondrial dysfunction and, 481
muscle weakness due to, 489
myocardial contractile physiology and, 491
neuromuscular function and, 489
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opiates, reduced effects of, 493,598
oxygen consumption reduced by, 476,486-488
renal failure causing, 369
respiratory,

acute, characteristics of, 468
acute, speed of new eqUilibrium, 467
causes, 483
compensation for, 470
management, 496

sympathoadrenal activity stimulated by, 488
systemic vascular resistance and, 492

Acid-base balance,
carbonic acid synthesis, 465
carbonic anhydrase, elevation of carbonic acid
formation, 465
Davenport diagram, 466
Henderson-Hasselbach equation, 466-467

- intracellular pH, normal, 465
- speed of achieving new eqUilibrium, 467
Acid-base disorders,

acute, speed of new equilibrium, 467
- anaemia and, 479
- anaesthesia and, 498-499
· anlon-gap and diagnosis, 471-472
- arrhythmias and, 490
· blood gas analysis and diagnosis, 471

blood transfusions and, 478
cardiac output,lmportance of sympathoadrenal
response, 491
cardiac output and, 479,491-492
cardiac output haemoglobin product and,
475,477-478
cardiovascular effects of, 490-492
cardiovascular system and, 491-492
catecholamine responsiveness and, 489
causes, 483-486
cerebral Interstitial fluid pH relation to plasma
pH,488
chronic, speed of compensation for, 469
clinical history and diagnosis, 471
clinical manifestations, 483-502
compensation for, 469,470
controlled ventilation and, 479
definitions & diagnosis, 464-472
diagnosis of, 470-472

- drug effects altered, 493
· drug Ionization altered by, 493

drug pharmacokinetics altered, 493,597
erythrocyte deoxygenation rate and, 476
extracellular pH range causing no intracellular
pH change, 480
extracellular pH limits for intracellular buttering,
486
extremes of pH compatible with life, 481
factors modifying, 473-482

fixed cardiac output and, 478
hypovolaemia, reaction to, 479,488
indications for treatment, 494
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Intracellular pH buffering range, 480
lactate production and, 487-488
local anaesthetics, effects on activity, 493, 597
management and indications for, 496-498

arterial oxygen saturation, 495
base excess and, 494-495
cardiovascular status, 495
haemoglobin concentration, 495
mixed venous P02, 495
pH,494

modification of manifestations by hypoxia, 473
474
myocardial physiology and, 491
neuromuscular blocking drugs and, 489,493
neuromuscular function and, 489
oxygen consumption and, 476,486-488
oxygen supply and, 474-476
plasma potassium concentration and variable
nature of change, 489-490
respiratory drives and, 172,173
respiratory problems and, 492-493
saturation of haemoglobin at various pH levels,
475
spontaneous ventilation and, 479
survivable extremes of pH, healthy persons,
478,481
survivable extremes of pH, sick persons, 478
479
sympathoadrenal activity and, 480,488
systemic vascular resistance and, 492
thresholds for treatment, 494

Acid-citrate-dextrose solutions, composition, 558
Activated clotting time, 232
Activated clotting time, calculation of protamine
dosage with, 252
Acute renal failure, assessment of function, 353
354
Addison's syndrome, 302-308
Adrenaline, effects and dose, 23
Adrenaline, kinetics & dynamics, 607
Adrenocortical function, depression by
hypothyroidism, 290
Adriamycin, and blood coagulation, 254
Adult respiratory distress syndrome, 543
Age

baroreflex function and, 343
cardiac output declines with, drug kinetics and,
598
hypercarbic respiratory drive and, 172
hypoxic respiratory drive and, 172
Increase of body fat with, drug kinetic effects,
598
pharmacokinetics and, 598-599
plasma protein concentration decline, drug
kinetic effects of, 598
renal function decreases with, effect on drug
kinetics, 598

Airways obstruction, upper, 201-206

Albumin,
· rate of loss from circulation per hour, 510
· surgery reducing plasma concentration of, 532
· concentration, plasma, test of liverfunction, 379
A1curonium,

haemodynamic effects, 16
- kinetics In renal failure, 371
· kinetics & dynamics, 603
Aldosterone metabolism reduced by liver dys
function, 388
A1fentanil,

haemodynamic effects, 14,17
kinetics in liver dysfunction, 394
kinetics in renal failure, 371
kinetics & dynamics, 602
T1/2Keo of, 586

Alkaline phosphatase, and hepatocellular
damage, 378
Alkalosis,

acute, unconsciousness and, 314
arrhythmias and, 490
cardiac output and, 491
chronic, unconsciousness and, 314
Embden-Meyerhof pathway rate increased by,
487488
erythrocyte deoxygenation rate decreased by,
476
hypercarblc respiratory drive and, 172
hypocalcaemia caused by, 451-452
hypokalaemla, not always present, 489-490
hypokalaemla and, 428
hypokalaemla causing, 430
hypoXic respiratory drive and, 172
lactate production increased by, 487-488
metabolic,

acute, characteristics of, 468
acute, speed of new equilibrium, 467
bicarbonate administration and, 485
blood transfusion causing, 485-486
causes, 484-486
compensation for, 469
diuretics causing, 484
lactate solutions causing, 485-486
management, acetazolamide and, 497
management, hydrochloric acid and, 498
management, KCI for hypokalaemlcalkalosis,
497
management, NaCI for therapy of
hypochloraemic alkalosis, 497
Ringer's lactate causing, 485-486
sodium citrate causing, 485-486

neuromuscularfunction and, 489
opiates, enhanced effects of, 493,598
oxygen consumption Increased by, 476,486
488
reduced tissue oxygenation, factors causing,
492
respiratory,



acute, characteristics of, 468
acute, speed of new equilibrium, 467
causes, 483
compensation for, 470
management, 496

sympathoadrenal activity reduced by, 488
systemic vascular resistance and, 492
ventricular fibrillation threshold Increased by,
490

A1thesin, baroreflex dysfunction due to, 343
Alveolar-arterial P02 difference, 163
- hypovolaemia and, 170
- increased by anaesthesia, 174
Aminophylline, see xanthlnes and theophylline
Amiodarone,
- kinetics and dose, 126
- uses and effects, 127
Ampicillin, bleeding time and, 254
Anaemia, 214-220

2,3-DPG, time to reach new intra-erythrocyte
concentration, 216
2,3-DPG and acute anaemia, 216
2,3-DPG and chronic anaemia, 217
acid-base disorders and, 475,478,479
acute, definition, 216
blood transfusion and acute anaemia, 218
blood transfusion and chronic anaemia,
218,219
chronic, clinical manifestations of various
levels, 217
chronic, threshold for elevation of cardiac out
put, 217
chronic, definition, 217
due to renal failure, 369-370
fixed cardiac output and, 216
haemoglobin cardiac output product and, 214-
216
myocardial ischaemia and, 71
oxygen consumption and, 214-216
Pso and, 216
physical exertion and, 216
physiological significance of, 214
preoperative blood transfusion, Indications for,
219-220
preoperative blood transfusion, oxygen
transport and, 219-220
problems due to, 218
sickle cell, see sickle cell anaemia
thresholds for blood transfusion, 218-219
tissue hypoxia and 214-216

Anaesthesia,
baroreflex dysfunction and, 346
cardiovascular effects of, 11-21
cardiovascular effects of, 11-21
chronic obstructive airways disease, 195-200
deep general, use for controlled hypotension,
51
diaphragm, effect on, 173
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effect on gastrointestinal function, 405-409
effect on liver function, 405-409
effect on renal function, 355-361
effect on respiratory movements, 173-174
gastrointestinal function and, 406-408
general, duration of postoperative hypoxaemia,
174-175
general, renal function and, 359
glucose metabolism and, 271
hypotension due to, treatment of, 25
minimum haemostatic parameters and, 233
237
pulmonary infection, 193-194
upper respiratory tract Infections and, 190-192

Anaesthetic drugs,
- cerebral haemodynamlc effects, 324
- induction agents and liver function, 384,385
. selection of, 19
Anaesthetic gases,

cerebral haemodynamics and, 324
fluoride nephrotOXicity, 360
gastrointestinal effects of, 407
haemodynamic effects, 15
hypercarbic respiratory drive and, 172
hypoxic respiratory drive and, 172
liver function and, 385-386
myocardial contractility and, 15
repeat doses and liver function, 386
treatment of hypotension due to, 15

Anaesthetic technique, effect on
haemodynamics, 12,13
Anaesthetic technique, selection of, 19
Angina pectoris,
- also see myocardial Ischaemia
- syncope and 104,105
- treatment with vasodilators, 24
Angiotensin converting enzyme blockers, chronic
heart failure, uses, 60
Anion-gap,

acidosis and, 471-472
- calculation of, 471
- causes of anion-gap acidosis, 471
Anlsindlone, dose and duration of effect, 247
Ankle swelling, significance of, 29
Antacids,

effects of, 403
magnesium trisilicate, dose and duration of ac
tlon,404
minimum gastric pH aimed at, 403,404
sodium citrate, dose and duration of action, 404

Antiarrhythmic drugs, 126-128
- multiple drug therapy, rationale, 128
- notes on use, 128
Anticholinergic drugs,

bradycardia due to low doses, 18,19
haemodynamic effects, 18,19
see also specific drugs
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Anticholfnesterases, Intraluminal bowel pressures
and, 407-408
Anticoagulant drugs, general, 247-252
Anticoagulant therapy, cardiac patients, 82-83

degree of reversal possible, 82
· indications for, 82
· perloperatlve reversal of, 82,83
· safe duration of reversal, 82
Anticoagulants, oral,
· dosages and duration of effect, 247
· effects and reversal, 247-249
· fresh frozen plasma and reversal of effects, 248

four factor concentrate and reversal of effects,
248
monitoring of effects, 248
vitamin-Kl and reversal of effects, 248

Antidiuretic hormone, Increased secretion due to
surgery, 355,532
Antidiuretic hormone secretion, surgery, fluid
regimes and, 532
Antihypertensive drugs, baroreflex dysfunction
and,343
Antithrombin-III, heparins and, 249
Anxiety, chronic obstructive airways disease and,
196
Anxiety and hyperthyroidism, 281
Aortic regurgitation, 109-112

anaesthesia and, 111
general description, 109
heart failure and, 110
heart failure and mortality, 110
heart rate and, 110
mortality due to, 109
myocardial ischaemia and, 110
physical exertion and, 111
systemic vascular resistance and, 111
valve area and, 110

Aortic stenosis, 104-108
anaesthesia and, 106-108
fixed cardiac output and, 106
general description, 104
heart failure due to, 104,105
hypothermia and, 107,108
mortality,104
myocardial ischaemia and, 104,105
pressure gradient across valve and disease
severity, 105,106
systemic vascular resistance and, 106

· tachycardia and, 105-106
· valve area causing symptoms, 105
· vasoconstrictors and, 106,107
· vasodilators and, 106
Apnea, raised intracranial pressure causing, 321
Apneustic breathing, due to raised intracranial
pressure, 321
Aprindine, kinetics and dosage, 126
Aprindine, uses and effects, 127
Arrhythmias,

· acid-base disorders and, 490
· asystole, 143-144
· atrial contraction and its significance, 119-120
· atrial fibrillation, 132-133
· atrial flutter, 133

atrioventricular block, 138-140
atrioventricular junction disorders, 133-134
bradycardias, Indications for treatment, 122
123
bundle branch block, 140-141

· first degree block, 138-139
general, 118-125
haemodynamic effects, 118-124
heart rate and cardiac output, 120-122
hypokalaemia and, 431-432
indications for treatment, 118
injury currents, myocardial Ischaemia and, 71
Mobitz II rhythm, 139
myocardial ischaemia and, 124
premature atrial contractions, 131
premature ventricular contractions, 141
prognosis, 124
re-entry, myocardial Ischaemia and, 71
sick sinus syndrome, 130-131
sinus bradycardia, 130
sinus tachycardia, 129
supraventricular tachycardias, 134-135

· tachycardias, Indications for treatment, 123-124
· third degree heart block, 140
· treatment, general guidelines, 125
· ventricular, myocardial Ischaemia and, 71
· ventricular asystole, 143-144
· ventricular extrasystoles, 141
· ventricular fibrillation threshold and, 490
· ventricular flutter/fibrillation, 142-143
· ventricular tachycardia, 142
· Wenkebach,139
· Wolff-Parkinson-White, 136-138
ASA classification 5-6
Ascites,

clinical consequences and management, 390
391
liver dysfunction and 390-391
rate of formation intraoperatively, 391
rate of formation postoperatively, 391
Starling equation and, 390

· type of fluid forming ascites, 390
Asparaginase and blood coagulation, 254
Assessment,

baroreflex function, 344-345
cardiovascular, 28-30
consciousness level, Glasgow coma scale, 318
consciousness level, SUbjective method, 317
haemorrhage, degree of, 556-557
haemostasis, 257-258
head injury, 329-330
hypothyroidism severity, 290-291
hypovolaemia, 550-551



liver function, 378-382
preoperative, 2-4
renal function, 350-354
respiratory, 179-189
respiratory, see respiratory assessment

Asthma, see chronic obstructive airways disease
Asystole, 143-144
Ataxic breathing, due to raised intracranial pres
sure, 321
Atracurlum,

haemodynamic effects, 16
· kinetics in liver dysfunction, 394
· kinetics in renal failure, 371
· kinetics & dynamics, 603
Atrial contraction, cardiac output and, 120-123
Atrial flbrlllatlon, 132-133
· hyperthyroidism as a cause, 281
· mitral stenosis and, 90
Atrial flutter, 133
Atrial septal defect (ASD), 113
Atrial "kick", 119
Atrioventricular block, 138-140
Atrioventricular dissociation, 140
Atrioventricular junctional disorders, 133-134
Atropine,

chronic obstructive airways disease and, 196
197
effects and dose, 23
gastrointestinal effects, 407
haemodynamic effects, 18
kinetics & dynamics, 603
use for arrhythmias, 127

Autoimmune diseases, neuromuscular function
and,335
Autonomic nervous system, cardiovascular func
tlons, 341
Autoregulation,

brain, limits in hypertensives, 36
brain, In normotenslves, 36
flow reserve, 42
loss of by vasodilation, 42
of kidney, brain, heart, 42

Bacterial endocarditis,
antibiotic regimes for, 84-86
high risk patients, 84
Indications for prophylaxis, 84
low risk patients, 84
prophylaxis, 84-86

Barbiturates, hypoxic respiratory.drive and, 172
Baroreflex dysfunction, 340-438

age and, 343
anaesthetic drugs causing, 343-344
anaesthetic management of, 347
antihypertensive drugs and, 343
assessment and diagnosis, 344-345
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change of position and, 345
congenital, 343
controlled ventilation and, 346-347
diabetes mellitus and, 343
drug overdose and, 346
epidural and spinal anaesthesia and, 345-346
general anaesthesia and, 346
heart failure and, 57,343
hypertension and, 34-35,343
hypokalaemia and, 430
hypothyroidism and, 289,343
hypovolaemia and, 345
tests of parasympathetic function, 345
tests of sympathetic function, 345
Valsalva reflex and, 346-347

Baroreflexes, afferent and efferent nerves, 342
Baroreflexes, definition and function, 340-341
Base excess, 151
Beclomethasone, relative potency, 298
Benzodiazepines, hypoxic respiratory drive and,
172
Betamethasone, relative potency, 298
Beta-blockers,

blockade of Intracellular movement of potas
sium by, 428
for management of hyperthyroidism,
280,282,283,286
mitral prolapse and, 101,102
use for controlled hypotension, 52
use in hypertension, 37

Beta-receptors, and hyperthyroidism, 280
Bicarbonate. sodium.

distribution volume of, 486
increased carbon dioxide production due to,
485
management of hyperkalaemia with, 447
metabolic alkalosis due to, 485
sodium concentration, hypernatraemia due to,
422
treatment of metabolic acidosis and, 496-497

Bifasclcular block, 140-141
Bile, volume and composition, 507
Bilirubin, conjugated plasma concentration of and
liver function, 379
Bleeding,

intraoperative, coagUlation factor concentra
tions and, 235-236
postoperative, coagulation factor concentra
tions and, 235-236
surgical, coagUlation factor concentration and,
235-236
surgical, platelet concentration and 234

Bleeding disorder, intraoperative, see "haemos
tatlc disorders, intraoperative"
Bleeding time,

also see "platelet function tests"
- limitations to use of bleeding time, 230
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· maximum bleeding time permlssable for safe
surgery, 234-235,236

· platelet concentration and, 234
Blood gases,

base excess, 151
haemoglobin saturation, calculation of 151-152
left and right shifting oxyhaemoglobin curve,
152
minimum arterial saturation and, 159-161
normal,150-153,464
normal arterial and venous, 150
Pso,151,153
P90,151,153
preoperative, oxygen induced respiratory
depression and 199-200
respiratory assessment and, 185

Blood loss during surgery, hypotension and, 50
Blood pressure,

cerebral function and, 36,44-47,310
· hypertension and, see hypertension
· hypotension and, 44
· renal function and, 49-50,356-358
Blood storage,

anticoagulant solutions used, 558
· composition of anticoagulant solutions used,

558
· temperature of storage, 558
Blood transfusion,

acid-base disorders and, 478
alkalosis due to, 485-486
anaemia and, 218-219
blood preparations available, 558-559
blood warmer and, 562
citrate toxicity due to, 451,562
coagulation deficiency caused by, 239
haemostasis and,

assessment of haemostatic function, 564
erythrocytes + crystalloid fluids and, 563
erythrocytes + fresh plasma and
erythrocytes + plasma expanders and, 563
management of haemostatic problems due
to, 563-564
whole blood and, 563

hypothermia due to, 562
indications for, 564
metabolic alkalosis due to, 485-486
microaggregate filters and, 563
oxygen flux Improvement due to, 161
preoperative, indications for, 219-220
preoperative, for sickle cell anaemia, 223
properties of stored whole blood, see "stored
whole blood"

Blood vessels, relative surface areas capillaries
and venules, 508
Blood volume, 505
Bowel sterilization, and blood coagulation, 254
Bradycardia, treatment threshold, 122-123
Brain,

· autoregulatory limits, 36,45
· capillary closing pressure, 43
· minimum blood pressure and, 45-47
Breath holding test,

duration of and respiratory function, 182·183
· Pa02 and, 182
- relationship to Vc/TLC, 182
Bretylium, kinetics and dosage, 126
Bromsulphthaleln clearance as atest of liver func
tion, 379
Bronchitis, chronic, see "chronic obstructive air
ways disease"
Buffy coat, blood transfusion and 558-559
Bundle branch block, 140-141
Buprenorphlne, kinetics & dynamics, 602
Burns, hyperkalaemia due to suxamethonium,
443

Calcitonin, hypercalcaemia, acute management
of,460
Calcium,
- calculation of Ionized concentration, 450
- forms of calcium In blood, 450

functions of calcium, 450
haemodynamlc effects and dose, 23
hyperkalaemla, use In, 446-447
intracellular & extracellular concentrations, 507
membrane Ion conductances, effects on, 447
neuromuscular function and, 334

Calculation of insulin Infusion regimes, 274,275
Capillary blood pressures, human, 510
Capillary permeability,
· to macromolecules, 508-510
- Increased by trauma and inflammation, 510
- to macromolecules In various organs, 509
Carbenicillen, bleeding time and, 254
Carbon dioxide,

haemodynamlc effects of, 15,480
narcosis due to, 313
normal production, 163
PaC02, and cerebral function, 312-314
whole body stores, quantity, 469

Carbonic anhydrase, factor Increaseof rate of car
bon�c acid formation, 465
Cardiac arrhythmias, 118-125
Cardiac output,

acidosis, reduction by, 491
acidosis, threshold for significant reduction of
output, 491
acid-base disorders and, 479,491-492
cardiac output haemoglobin product and
anaemia, 214-216
chronic anaemia, threshold for Increase of car
diac output, 217

Cardiac output, fixed,
- anaemia and, 216



· aortic stenosis and, 106
- mitral stenosis and. 91
· oxygen flux and. 161
· pacemakers and, 146
Cardiac output,

heart rate and. 120-122
hyperkalaemla. reduction by, 444
hypokalaemla, reduction by, 430
hypotension and, 41-44,46,49.50
low, manifestations of, 118
oxygen flux and, 159-161
percentage distribution to various organs, 578
pharmacokinetics affected by, 593-594
reduced by myocardial Ischaemia, 71
reduction, percentage non-functioning myocar
dlumand,71
renal function and, 49-50, 357-358

· ventilation. controlled and, 479
· ventilation, spontaneous and. 479
Cardiac output haemoglobin product. 160
Cardiac output haemoglobin product, acid-base
disorders and 475,4n-478
Cardiac patients, anticoagulants and, 82-83
Cardiac valvular disease, 87-88
Cardloactlve drugs. 22-27
Cardiovascular assessment, 28-30
Catecholamlnes,
· acid-base disorders and response to, 489
- hypoadrenocortlclsm and. 303
· hypothyroidism elevating plasma concentra

tlons.289
- sensitivity to Increased by hyperthyroidism.

280-281
· thyroid hormones and. 279
Central compartment volume, definition of, 5n
578
Cerebral blood flow.

cerebral function and. 310
- effects of different levels, 44-45.47
- normal. 310
· PaC02 and, 313-314
Cerebral function,
· acid-base balance and, 314
· assessment of consciousness level. 317-319

carbon dioxide narcosis threshold. 313
cerebral blood flow and, 310
cerebral blood flow and PaC02, 313-314
effects of hypotension, 47
hypertension and, 311
hypotension and, 311
limits of normal cerebral function. 312
PaC02 and, 312-314
Pa02, and threshold of unconsciousness,
311,473
Pa02 and. 311-312,473-474
plasma glucose concentration and, 314
plasma osmolality and, 314
plasma sodium concentration and. 314
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speed of unconsciousness after asystole. 310
· temperature and. 315
· thresholds of dysfunction. 310-316
Cerebral haemodynamlcs, effects of anaesthetic
drugs. 324
Cerebral hypoxia, anaemia and. 214-216
Cerebral Interstitial pH relation to plasma pH, 488
Cerebral Ischaemia. critIcal blood pressure, 45-47
Cerebral perfusion pressure, 310
Cerebral perfusion pressure, minimum required
for normal function, 320
Cheyne-Stokes respiration, due to raised In
tracranial pressure, 321
Child, classification of liver disease and surgical
rlsk,381
Chronic obstructive airways disease, 195-200
· acetylcholinesterase blockers and, 199
· anaesthetic management and, 196-199
· antlchollnerglcs and, 196-197
· bronchospasm. perloperatlve, causes of, 196
- definition of, 195
· depression of respiration by oxygen, 199-200
· drugs used for treatment &anaesthesia 195-196

glucocorticoid speed of action, 197
hypoventllatlon due to, 195
increased chance of perioperatlve
bronchospasm and, 196
Ineffective cough and, 195
premedication for. 196-197
respiratory depression by oxygen, at risk
patients. 199-200

· theophylline Infusion rates, 198
Circulatoryarrest, speed ofunconsciousness due
to,310
Citrate. sodium,

Intoxication by, 389
metabolic alkalosis due to, 485-486

- rate of blood transfusion and intoxication.
389,451

· rate of metabolism of, 389
Citrate-phosphate-dextrose solution. composi
tion.558
Clearance of drugs, 580
Closing capacity, 163,165-166
Closing capacity, Increased by anaesthesia. 173
174
Closing pressure, hypotension, 43
Closing pressures, brain, heart, kidneys, 43
Closing volume, see closing capacity
Clot retraction, platelet concentration and. 234
Clotting time. activated, 232
COAD, 195-200
COAD, see chronic obstructive airways disease
Coagulation disorders, 238-242
Coagulation factor concentrations,
· minimum required for safe surgery and anaes

thesia, 235-236
· perloperatlve bleeding and, 235-236
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Coagulation factor deficiencies,
acute, causes and management, 239-240
acute and chronic, 238-240
blood transfusion and, 239
cautionary notes about treatment, 242
chronic, definition of and management, 238-239
colloid infusion fluids causing, 239
drugs causing, 240
typical clinical manifestations of, 227

Coagulation factor preparations, 240-242
Coagulation factors, elimination half lives of, 235
Coagulation pathways, intrinsic, extrinsic, and
common, 230
Coagulation proteins, liver dysfunction and
reduced synthesis, 388
Coagulation time, 231,233
· dubious value of, 231
· normal, 233
Colloid fluid infusion, coagulation factor deficien
cies caused by, 239
Colloid osmotic pressure, plasma. reduced by
surgery, 532
Colloid osmotic pressure, plasma & interstitial
fluid, human, 511
Colloid solutions, adverse reactions due to, 524
Colloid solutions, definition of, 522
Colloid solutions see intravenousfluids,lndlvidual
solutions
Colloid-crystalloid non-controversy, 543-544
Compensation, acid-base disorders and, 469-470
Consciousness,

assessment of level, subjective assessment,
317
classification of level of, 317-319
rapidity of unconsciousness after asystole, 310

Coronary circulation,
· physiology, 65-68
· transmural blood flow gradient and, 65-68
Cortisol, relative potency, 298
Cortisone, relative potency, 298
Cough, tracheal gas velocity and PEFR, 183-184
Cow's milk, hypernatraemia due to, 422
Creatinine, renal function and,352
Creatinine clearance. 353-354

hypotension and, 49
steady state, calculation of, 353
two hour, for recognition of threatened renal
failure, 353,363
two-hour creatinine clearance, 353-354

CRIS score, 32-33
· factors scored. 32
· significance of, 33
Cryoprecipitate,
· coagulation factor concentrations in, 240
· platelet dysfunction treatment with, 245
· uses and indications. 241
Crystalloid solutions.
· adverse effects, 541-542

definition, 518
see intravenous fluids, crystalloid
see intravenous fluids, for individual solutions

Cushing's syndrome, 297-301
Cyclopropane, haemodynamic effects, 15
Cyclopropane, liver function and, 385
Cytotoxic drugs, management of nausea and
vomiting due to, 414

Davenport diagram, 466
DDAVP,

actions, 241-242,244
dosage, 241,244
Indications for use In patients with coagulation
deficiencies, 241
platelet dysfunction treatment with, 244
speed of effect, 242,244

Dead space, 163,165
Deamino-8-<l-arginlne vasopressin, see DDAVP
Decubitous ulceration, hypotension and, 49
Dennervation, suxamethonium and potassium
release, 335
Dexamethasone, relative potency, 298
Dextran, bleeding time and, 254
Dextran solutions, see intravenous fluids,
dextrans
Diabetes mellitus,
· anaesthetic management of diabetic patients,

275-276
· baroreflex dysfunction and, 271,343

depression of phagocyte function, 268
elimination half lives of oral hypoglycaemic
drugs, 269
glucose metabolism, anaesthesia and surgery
271
hypoglycaemia, modification of signs byanaes
thesia and surgery, 270
hypoglycaemlc manifestations, 269
osmotic diuresis due to hyperglycaemia, 270
perloperatlve,

hyperglycaemia and, 268
hypoglycaemia, oral hypoglycaemic agents
and,269
hypoglycaemia and, 268
management of diet regulated diabetics, 273
management of insulin regulated diabetics,
275
management of oral hypoglycaemic regu
lated diabetics, 273-275
mortality and, 268
plasma glucose concentration, acceptable,
272

Diabetes mellitus,
· plasma insulin kinetics, 271-272

sliding scale management and, 276
· wound healing and, 268



Dialysis, hypercalcaemia, acute management of,
460
Diaphragm,

anaesthesia, effect on, 173
height of during anaesthesia, 173
relaxation by anaesthetic gases, 173
relaxation by neuromuscular blocking drugs,
173

Diarrhoea, electrolyte composition, 507
Diazepam,

baroreflex dysfunction due to, 343
· gastrointestinal function and, 407
· kinetics &dynamics, 603
Dicoumarol, dose and duration of effect, 247
Digitoxin, kinetics and dosage, 126
DigOXin,

and Wolff-Parkinson-Whlte rhythm, 137-138
contralndications to for Intraoperative use, 61
effects and dose, 23
hypokalaemia and, 432
kinetics and dosage, 126
use in chronic heart failure, 60
uses and effects, 127

Diphenadione, dose and duration of effect, 247
Diphosphoglycerate, time to new Intra
erythrocytic concentration, 216
Dipyrimadole, and haemostasis, 254
Disopyramlde, kinetics and dosage, 126
Disopyramide, uses and effects, 127
Disseminated intravascular coagulation, head in
jury causing, 329
Disseminated intravascular coagUlation, see
"haemostatic disorders"
Distribution half life of drugs, 578-579
Distribution of drugs, 578-579
Distribution volumes of drugs, 579-580
Diuretics,

hypercalcaemia, acute management of, 459
metabolic alkalosis, cause of, 484

· treatment of raised intracranial pressure with,
323

Dobutamlne,
effects and dose, 23
heart failure and distribution volume, 58
kinetics & dynamics, 607
use for intraoperative heart failure, 61

Dopamine,
effects and dose, 23

· kinetics & dynamics, 607
· use for intraoperative heart failure, 61
· use In threatened renal failure, 365
Doxapram, kinetics & dynamics, 602
Droperidol, kinetics & dynamics, 603
Drug Infusion regimes, calculation of, 589-590
Drugs,

abnormal haemostasis caused by, see haemos
tasis, effects of drugs
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acid-basedisorders, effects on drug distribution
and action, 493
anaesthetic, kinetic and dynamic parameters,
600-606
antiarrhythmic, 126-128
cardlostlmulant, kinetic parameters, 607-608
coagulation factor deflclencles caused by, 240
haemostasls and, 253-256
hypovolaemla and compartmental volumes,
595
hypovolaemia Increases Initial plasma con
centration, 548-549
ionization calculation of percentage, 587
kinetics, liver dysfunction and, 394-395
metabolism, reduced by liver dysfunction, 389
overdose, baroreflex dysfunction and, 346
toxic effects enhanced by hypovolaemla, 548
549
vasoactive/cardioactive, 22-27

Ductus arteriosus, patent, 113

Eaton-lambert syndrome, 207
4-aminopyrldine and, 207
muscle relaxants and, 207

· pathophysiology of, 207
· treatment of, 207
Ecchymoses, platelet concentration and, 234
ECG,

hypercalcaemia and, 457-458
hypocalcaemia and, 452
effects of hypokalaemla, 433
monitoring, CB5 configuration, 73
monitoring, myocardial areas monitored, 72-73
monitoring, valvular disease and, 88

Edrophonlum, kinetics & dynamics, 603
EDTA, hypercalcaemia, acute management of,
459
Ejection fraction, calculation of, 10
Electrolyte concentrations various body fluids,
485
Electrolytes, body fluids and normal electrolyte
concentrations, 507
Electrolytes, extracellular and intracellular ion
concentrations, 507
Elimination half life of drugs, 580
Emboli, arterial, mitral stenosis and, 90
Embolism, sickle celi anaemia and, 222
Emphysema, see chronic obstructive airways dis
ease
EMV scale, see Glasgow coma scale
Encephalopathy, hepatic, 391
Endocrine disorders, lung tumors and, 207
Endotoxaemla, obstructive jaundice causing, 392
Enflurane,

baroreflex dysfunction due to, 344
· fluoride nephrotoxic effects, 360
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· haemodynamic effects, 15
· liver function and, 385·386
· and haemostasis, 254
Ephedrine, effects and dose, 23
Ephedrine, kinetics & dynamics, 607
Epidural anaesthesia,

baroreflex dysfunction and, 345-346
effect on haemodynamics, 12
hypovolaemia exacerbates hypotension due to,
549-550
liver function and, 384
modification of effects of surgery on
gastrointestinal function, 405
use for controlled hypotension, 51

Ethanol, bleeding time and, 254
Ether, haemodynamlc effects, 15
Ether and baroreflexes, 344
Etomidate,

cerebral haemodynamlcs and, 324
haemodynamic effects, 14
kinetics in liver dysfunction, 394
kinetics & dynamics, 602
liver function and, 384,385
management of raised intracranial pressure
with,323
postoperative nausea and vomiting due to, 412

· Tl/2Keo of 586 .
· Vc reduced by old age, 595
Evaporative water losses, surgery a negligible
cause of, 538·539
Exercise tolerance, significance of, 29,30
Exhaustion, respiratory, and the MBC 184
Expected Pa02, 154-156
Expected Pa02, calculation of 155
Expiration, duration of and respiratory function,
181-182
Expiration duration, relationship to
FEV1,PEFR,FEV1Nc, 182
Extracellular electrolyte concentrations, 507
Extracellular fluid volume, 505
Extracellular fluid volume changes duetosurgery,
535

Faeces, volume and composition, 506
Failure, renal, 367-376
Fallot, tetralogy of 113
Fasting, preoperative, 400-404
· anaesthetic considerations, 402-403
· blood viscosity increased by, 402
· factors affecting gastric emptying, 400-401

hypoglycaemia due to, 401-402
management of persons with a full stomach,
403-404
minimum period reqUired, 400
patients likely to develop hypogiycaemia,
401,402

Fentanyl,
cerebral haemodynamics and, 324

· haemodynamlc effects, 17
· kinetics In liver dysfunction, 394
· kinetics & dynamics, 602
· T1/2Keo of, 586
FEV1,163,167
· expiration duration and, 182
· and PEFR, relationship between, 184
Fever, hypercarblc respiratory drive and, 172
Fever, hypoxic respiratory drive and, 172
Fibrin degradation products, 232
Fibrinogen concentration, 231
Fick equation, 159
First degree block, 138-139
Fixed cardiac output,

acid-base disorders and, 478
anaemia and, 216
aortic stenosis and, 106
mitral stenosis and, 91
oxygen flux and, 161
pacemakers and, 146
, see also "cardiac output, fixed"

AUbiprofen, bleeding time and, 254
Auld compartment volumes,

blood volume, 505
· extracellular fluid volume, 505
· interstitial fluid volume, 505
· plasma volume, 505
· total body water, 505
· volumes of, 505
Auld physiology,
· albumin, rate of loss from circulation per hour,

510
· basal water requirements, adult, 508
· basal water requirements, children, 508
· basal water requirements, children, Liverpool

formula, 508
capillary blood pressures, human, 510
capillary permeability increase due to trauma &
inflammation, 510
colloid osmotic pressure, plasma & interstitium,
human, 511

· daily production rates various body secretions,
507

· electrolyte concentrations various body secre
tlons,507
electrolytes, intracellular and intracellular con
centrations, 507
Interstitial fluid distribution, clinical significance,
515
Interstitial fluid pressure, normal, human, 511
interstitial oedema and plasma albumin con
centration, 513
see also, surgery, fluid physiology
surface areas capillaries and venules, relative,
508

· surgery and, see surgery, fluid physiology



· transcapillary exchange, see transcapillary fluid
exchange

· transcapillary refill, see transcapillary refill
· vascular permeability to macromolecules, 508

510
· vascular permeability to macromolecules in

various organs, 509
Fluid therapy, perioperatlve
· alms, 503

basal fluid requirements, 570
blood volume loss replacement, 570
haemodynamic situation aimed for, 569
indications for, 568
postoperative fluid therapy, 572
preoperative management, 569
raised Intracranial pressure and, 326
third-space loss, colloid regime, 571

· third-space loss, combined regime, 571
· third-space loss, crystalloid regime, 570
- urinary loss replacement, 570
Fluid therapy, see also "Surgery, fluid physiology
model"
Fluoride, nephrotoxic effects of anaesthetic
gases,360
Fluoride, nephrotoxic enhancing effects of en
zyme Inducing drugs, 360
Foetal distress, 8
Foramen ovale, patent, 113
Four factor concentrate,
· coagulation factor concentrations In, 240
· reversal of oral anticoagulants with, 248
· uses and Indications, 241
Fresh frozen plasma,

coagUlation factor concentrations in, 240
reversal of oral anticoagulants with, 248
use in blood transfusion and haemorrhage, 241
use In hypovolaemla, 241
uses and indications, 240-241

Frozen red cells, for blood transfusion, 559
Frusemide,

depression of renal metabolic rate, 365
lack of effect on renal blood flow, 364

· treatment of raised intracranial pressure with,
323

· use in threatened renal failure, 364,365
Full stomach, anaesthetic management, 403-404
Functional history, significance of, 29
Functional residual capacity, 163,164,165

reduction by anaesthesia, 173
- speed of reduction by anaesthesia, 172

Gallamine,
haemodynamic effects, 16
kinetics in liver dysfunction, 394
kinetics in renal failure, 371
kinetics & dynamics, 603
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Ganglion blockade, neuromuscular blocking
drugs and, 16
Gastric fluid, volume and composition, 507
Gastrointestinal function,
· anaesthetic drugs, effects of, 406-408
· anaesthetic technique, effects of, 407-408

clinical consequences of surgery and anaes
thesia, 408-409
effects of surgery and anaesthesia, 405-409
requirement for nasogastric tube, 408-409
surgery, duration of effects on GIT function, 406
surgery, epidUral anaesthesia and, 405
surgery, gastrointestinal hormones and, 405
surgery, increased sympathetic activity and,
405
surgery, magnitude of operation and, 406
surgery, regions affected by, 406

· surgery, site of operation, effects of, 406
- surgery, time to resumption of oral fluids and

food, 408-409
Gastrointestinal ulceration, hyperadrenocor
ticism and, 299
Gelatine solutions, see intravenousfluids, gelatine
solutions
Gelatine solutions and haemostasls, 254
Glasgow coma scale, clinical implications of
score, 319
Glasgow coma scale, scoring system, 318
Glucagon, effects and dose, 23
Glucocorticolds, metabolism of reduced by liver
failure, 388
Glucocorticoid hormones, relative potencies of,
298
Glucocorticoid secretion, basal rate, 304
Glucocorticoid secretion, effects of surgery and
anaesthesia on, 304
Glucocorticoid supplements, perioperative, in
dications for, 304
Glucocorticoid supplements, regimes for,
305,306
Glucocortlcolds,
· acetylcholine release and, 298
- hypercalcaemia management of, 460
- lack of effect In head InjUry, 330
- management of raised intracranial pressure

with,323
· speed of action In chronic obstructive airways

disease, 197
· thyroid hormones and, 279
Glucose,

management of hyperkalaemla with, 447
glucose 5% solution, see "glucose solutions"
glucose 5% solution, see also "intravenous
fluids, glucose solutions"
metabolism, effects of anaesthesia and surgery
on, 271
metabolism, liver dysfunction and, 388-389

Glucose solutions,
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distribution and uses, 520
glucose 5%, hypokalaemia due to, 519
glucose 5%, hyponatraemia due to, 519
glucose 5%. postpartum neonatal
hypoglycaemia and, 518-519

Glycopyrrolate, haemodynamic effects, 18

Haematocrit, calculation of from haemoglobin
concentration, 564
Haematocrlt, minimum. acceptable. 564
Haemodynamic effects,

alcuronium,16
alfentanil. 14.17
anaesthetic gases, 15
anaesthetic techniques, 12-13
antichollnergics, 17,18
atracurlum. 16
atropine, 18
carbon dioxide, 15
cyclopropane, 15
enflurane, 15
ether, 15
etomidate. 14
factors modifying haemodynamic effects of
drugs, 19
fentanyl. 17
gallamine, 16
glycopyrrolate. 18
halothane. 15
isoflurane, 15
ketamlne, 14
methohexitone. 14
metocurine, 16
midazolam, 14
morphine, 17
neuromuscular blocking drugs. 16-17
nitrous oxide, 15
of anaesthetic drugs. 13-19
of induction agents, 13-14
opiates, 17-19
pancuronium,16
pentazocine, 17
pethidine. 17
profolol. 14
scopolamine (hyoscine), 18
sufentanil. 17
suxamethonium, 16
thiopentone, 14
tubocurarine. 16
vasoactive drugs. 23
vecuronium, 16

Haemodynamic parameters. normal, 10
Haemoglobin. left and right shifting dissociation
curve. 152
Haemoglobin. saturation, calculation of. 151-152
Haemoglobin cardiac output product, 160

Haemoglobin concentration, calculation of from
haematocrlt. 564
Haemoglobin concentration, perloperatlve, mini
mum acceptable, 218,564
Haemorrhage, assessment of volume lost,
· measurement of losses, 557
· shock Index and, 550,557
· type of Injury and expected blood loss, 556,557
· visual estimation of loss, 556
Haemorrhage,

indications for blood transfusion, 564-566
management, acute, treatment, 565-566
management, 1 hour, treatment, 566
minimum acceptable perioperatlve
haematocrlt, 564
minimum acceptable perioperatlve
haemoglobin concentration, 564
minimum acceptable perioperatlve blood loss,
564-565
problems due to, 556
uncontrollable, 7
use for controlled hypotension, 51

Haemostasis,
acceptable per/operative, 233-237
assessment of, 257-258
blood transfusion and, see "blood transfusion,
haemostasis"
coagUlability increased by intravenous fluids
(sodium), 520
coagulation factor deficiency and typical
manifestations, 227
dextran solutions. effect of, 527
drugs and, 253-256
effects of drugs, bone marrow depression and,
253
effects of drugs, concentration related drug ef
fect, 253
effects of drugs, drugs causing haemostatlc
defect, 254
effects of drugs, multiple drug use and, 253
effects of drugs, time for recovery of bone mar
row depression, 253
gelatine solutions, absence of effect on, 525
normal, 226-228
normal, coagulation phase, 226
normal, platelet phase & controlled hypoten
sion, 227
normal, significance of platelet phase, 227
normal, vascular phase, 226
normal, vascular phase, duration of
vasoconstriction, 226
normal. platelet phase, 226
plasma protein solutions and, 524
platelet deficiency and typical manifestations,
227

. venous thrombosis due to intravenous sodium
solutions, 520

Haemostasis, tests of,



activated clotting time, 232
bleeding time required for safe surgery and
anaesthesia, 236
fibrin degradation products, 232
fibrinogen concentration, 231
minimum parameters for safe anaesthesia and
surgery, 233-237
minimum platelet concentration for safe surgery
and anaesthesia, 236
minimum m and PT required for surgery and
anaesthesia, 235-236
normal values, 233
partial thromboplastin time, 231,233
prothrombin time, 231,233
thrombin time, 231,233

. whole blood coagUlation time, 231,233
Haemostatic disorders,

anaesthetic considerations and, 260
blood transfusion causing, 563-564
central venous lines and, 260
Intramuscular Injections and, 260
intraoperative, 261-266

causes, 262-264
coagUlation factor deficiency, management
of,264
diagnostic tests required, 261
disseminated intravascular coagulation and,
264
management of Ole, 264
platelet disorder management, 264
signs of, 261

intraoperative coagulation factor concentra
tions required, 259
operation, duration of coagulation factor sup
plementation, 259
operation, duration of repeat platelet trans
fusion, 259
postoperative coagulation factor concentra
tions required, 259
renal failure causing, 370

Half life, concept of. 581
Haloperidol,
. kinetics & dynamics, 603
. use as antiemetic, 413
Halothane,

baroreflex dysfunction due to. 344
bleeding time and. 254
fluoride ion release and, 360
haemodynamic effects, 15
liver function and, 385-386
muscular dystrophy and, 337

Head Injury, 328-333
airway obstruction due to, 328
anaesthetic management, 331-332
assessment, 329-340
cardiovascular effects, 329
cervical spinal injury and, 331
endocrine effects, 329
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· factors affecting survival, 330-331
gluCQCortlcolds and use of, 330
haematologlcal effects, 329
hypotension and effect on survival, 330
hypovolaemla and, 331
Initial management, hypoxia, treatment of, 331
neurogenic pUlmonary oedema due to, 328
osmotic diuretics and, 330.331
problems due to, 328-329
relation Intracranial pressure to survival, 330
see also "intracranial pressure, raised"
treatment of hypoxia and survival, 330

· vasoconstrictors, uses of, 331
Heart, capillary closing pressure, 43
Heart, hypotension and, 47-49,50
Heart block,

blfasclcular block, 140-141
· bundle branch block, 140-141
· first degree, 138-139

left bundle branch, 140
Mobltz II, 139
right bundle branch, 140
second degree, 139
third degree, 140
Wenkebach rhythm, 139

Heart failure, 56-64
anaesthesia, exacerbation by, 58
anaesthetic drug potentiation, 58-59
anaesthetic management, 62-63
aortic regurgitation and, 110
aortic stenosis causing, 104,105
assessment, 58,62
baroreflexes and, 57,343
clinical manifestations, 57,118
digoxin, contralndlcatlons for intraoperative
use,61
digoxin, use in chronic failure. 59
distribution of cardiac output and, 56
diuretics and, 59,60,62
dobutamlne, use In Intraoperative failure, 61
dobutamlne distribution volume and, 58
dopamine, use in Intraoperative failure, 61
drug kinetics and. 58

· fluid loads, reduced tolerance to, 57
hypoxia causing, 474
Increased postoperative morbidity, 58,59
Intraoperative monitoring required, 62-63
left heart failure, 57
left-ta-rlght shunting and, 114
management, 59-62

acute failure, 61-62
chronic failure, 60
Intraoperative, 61-62

mannitol causing, 322
nitroglycerin, use In intraoperative failure, 61
percentage non-functioning myocardium and,
71
pharmacokinetics and, 597
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- right heart failure, 57
- surgically correctable, 7
- treatment with vasodilators, 24
Heart rate, cardiac output and, 120-122
Helium, use in upper airway obstruction, con
siderations, 203-204
Henderson-Hasselbach equation, 466-467
Heparin,

amount present In body at termination of
heparin infusion, 251
effects of, 249
elimination half life related to amount In body,
251
kinetics, saturable elimination process, 249
250,251
monitoring of effects, 249
reversal, 250-252

activated clotting time, use of, 252
protamine and, 250-252
protamine dose calculation, 251-252
protamine required to reverse heparin, 250
waiting for spontaneous reversal, 250

uses and Indications, 249
Hepatic, see liver
Hepatic encephalopathy, 391
Hepato-renal syndrome, see liver dysfunction,
renal failure
Hexobarbitone,
- kinetics In liver dysfunction, 394
- kinetics & dynamics, 602
High flow organs, 578
Histamine release, neuromuscular blocking
drugs and, 16
Histamine release, opiates and, 17
Hydralazine, effects and dose, 23
Hydrochloric acid, management of metabolic
alkalosis with, 498
Hydrocortisone,
- potency relative to other glucocortlcoids, 298
. speed of action after Iv administration, 305
Hydroxyethyl-starch, bleeding time and, 254
Hyperadrenocorticism, 297-301

anaesthetic management, 299-300
cardiovascular problems due to, 299
causes, 297
fluid and electrolyte disturbances, 298
gastrointestinal ulceration and, 299
hyperglycaemia due to, 297
infections, and predisposition to, 299
muscle weakness due to, 298
wound strength reduced by, mechanisms, 299

Hypercalcaemia, 457-462
acute management,

calcitonin and, 460
dialysis and, 460
diuretics for, 459
EDTA for, 459

anaesthetic management and, 460-461

association with cancers, 457
cardiovascular system and, 457
causes, 457
consciousness altered by, 458
ECG changes due to 457-458
hypokalaemia, arrhythmias potentiated by hy
percalcaemia. 452
management, 458-460

correct hypokalaemia, 458
correct hypoproteinaemia, 459
glucocorticolds used for, 460
parathyroidectomy and, 460
phosphate administration for. 460
rehydration and, 459

nephrolithiasis due to, 458
plasma calcium concentration related to
manifestations, 453
plasma protein concentration and manifesta
tions,457
polyuria due to, 458
QT interval decrease due to, 457
reduced effects of non-<1epolarizlng drugs and,
458

Hypercarbla,
- hyperkalaemla and, 442
- hypoxic respiratory drive and, 172
- liver function and, 384
Hypercarbic respiratory drive,

acidaemia and, 172
age and, 172
alkalaemia and, 172
anaesthetic gases and, 172
barbiturates and, 172
benzodiazeplnes and, 172

. factors affecting, 171-173
fever and, 172
hypothyroidism and, 172
hypOXia and, 172
nitrous oxide and, 172
opiates and, 172

Hyperglycaemla,
coma due, plasma glucose concentration caus
Ing 268,272
hyperadrenocorticism causing, 297
liver dysfunction causing, 388
osmotic diuresis due to, 270
Ringer's lactate causing, 520
hyperosmolar coma, glucose concentration
causing, 268

Hyperkalaemla,
acetylcholine release Increased by, 444
acidosis causing, 442
acute management of,

calcium salts, 446-447
concentrated sodium chloride infusion, 447
glucose and Insulin, 447
sodium bicarbonate and, 447

anaesthetic management of, 448



arrhythmias potentiated by hypocalcaemia. 452
calcium effects on membrane ion conductan
ces.447
cardiac rhythm and. 443-444
cardiovascular effects. 444
causes. 442-443
chronic management of.

dietary potassium restriction, 445
ion-exchange resins. 446

ECG changes and. 433,443-444
Goldman-Hodgkin-Katz equation, 428,443
hypercarbia causing. 442
indications for management, 445
Intracardlac conduction and, 443-444
malignant ventricular arrhythmias and, 444
membrane potential reduced. 443
muscle weakness due to, 444
neuromuscular blocking drugs and. 444-445
neuromuscular junction effects. 444
potassium concentration related to effects. 431
reduction of cardiac output due to. 444
renal failure and. 368
respiratory paralysis due to, 444
suxamethonlum Induced after burns, paralyses
etc, 434

Hypernatraemia, 421-426
· anaesthetic management, 426

cardiac effects. 423
causes. 421-422
cow's milk causing, 422
ECG effects. 423
extracellular fluid volume and, 422
management of. 425-426
management of. rate of correction, 425
mortality and morbidity In children. 422
neurological manifestations, 423-424
seawater drinking causing. 422
sodium bicarbonate infusion causing, 422
thresholds of neurological symptoms, 423-424
unconsciousness due to. 314

Hyperosmolallty. 421-426
Hypertension, 34-39

anaesthetic/antihypertensive drug Interactions
35

· autoregulation breakthrough, CNS damagedue
to. 36

· baroreflex dysfunction and. 34-35.343
· chronic. management. 36
· deficient autoregulation and. 35

definition of. 34
exacerbation of by laryngoscopy, 38-39
exaggerated response to vasoconstrictors and.
34
haemorrhagic complications due to, 34
hypokalaemla and. 36
management of anaesthesia, 38-39
maximum permlssable level in perloperatlve
period, 37.38
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myocardial ischaemia due to. 34.69
neurological problems due to. 36
perioperatlve.

management of. 36-37
use of vasodilators, 37
use of beta-blockers. 37

postoperative.
causes, 37
management, 37

preoperative management. 38
rebound hypertension. 35
sympathetic blockade due to antihypertensive
treatment, 35
threshold for perioperatlve treatment, 36,37
treatment with vasodilators. 24

Hyperthermia.
· cerebral effects of. 315
· malignant. and halothane, 337
Hyperthyroidism. 278-287
· alpha-receptors and. 280
· anaesthetic management, 284
· antithyroid drugs and doses. 282
· anxiety and, 281
· atrial fibrillation and, 281

beta-blockers for treatment of, 280,282,283,286
beta-receptors and, 280
cardiovascular system and. 281
catecholamine sensitivity increased, 280-281
chronic management, 282
clinical manifestations. 279.280
effects of anaesthesia and surgery, 281-282
hyperthermia and, 279-280
management. 282-283
management of clinical manifestations, 283
muscle phosphocreatine kinase Inhibition and,
281
muscle weakness and, 281
preoperative preparation, rapid, 282
preparation of patient for elective surgery, 282

Hypertonic sodium chloride solutions, 520,521
Hyperuricaemla, renal failure and, 369
Hyperventilation,
· controlled, to reduce raised Intracranial pres-

sure, 321-322
· due to raised Intracranial pressure, 321
Hypoadrenocortlclsm, 302-308
· anaesthetic management, 305-306
· cardiovascular problems due to, 303
· drug kinetic changes, 303
· effects of surgery on glucocorticoid secretion

rate, 304
· effects on catecholamine metabolism, 303
· fluid and electrolyte problems due to, 302

glucocorticoid supplement regimes. 306
hypoglycaemla due to. 302-303
hypovolaemia due to, 302
indications for perioperative glucocorticoid
supplements. 304
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· muscle weakness due to, 303
· perioperative mortality due to, 302
Hypoalbuminaemia,

ascites and oedema due to, 388,390-391
interstitial oedema, threshold plasma albumin
concentration for, 513
reduced drug transport, 387,395
surgery causing, 532

Hypocalcaemia, 450-456
alkalaemia and, 451
anaesthetic management and, 454-455
blood transfusion and, 451
cardiac depression due to, 452
ECG effects, 452
effects related to plasma calcium concentra
tion, 453
hyperkalaemia, potentiation of arrhythmias by,
452
hypocapnia causing, 452
hypokalaemia, arrhythmias reduced by
hypocalcaemia, 452
hypoprotelnaemia and, 451
management, 453-454
non-depolarlzing muscle relaxants, Increased
sensitivity to, 452-453
pancreatitis causing, 451
QT Interval increase due to, 452
reduced vascular resistance due to, 452
renal failure and, 368
tetany and, 452

Hypocapnia,
hypocalcaemia (ionized), due to, 452

· hypokalaemla and, 428
· hypoxic respiratory drive and, 172
· liver function and, 384
Hypoglycaemla,

coma due to, plasma glucose concentration
and,270
hypoadrenocortlclsm causing, 302-303
liver dysfunction and, 388-389
manifestations of, 269
postpartum neonatal, 5% glucose solution
causing, 518-519

Hypokalaemia, 427-441
5% glucose solution causing, 519
acute,

calculation of potassium deficit, 434
definition of, 434
management of, 434
rate of potassium replacement, 435

acute on chronic, management of, 438-439
alkalaemia due to, 430
anaesthetic management of, 439-440
arrhythmias and, 431-432
arrhythmias potentiated by hypercalcaemia,
452
arrhythmias reduced by hypocalcaemia, 452
beta-2-adrenoreceptors mediating, 428

cardiovascular effects, 430-432
causes, 427-428
chronic,

calculation of potassium deficiency, 435
chronic, definition of, 435
intravenous potassium solutions for, 437-437
rate of intravenous potassium replacement,
437-438
transfer half life of potassium in, 437
chronic, use of oral potassium solutions, 436

depression of baroreflexes due to, 430
digoxin and, 432
ECG effects, 433
effects of related to plasma potassium con
centration, 431
hypocapnia causing, 428
indications for therapy, 432-434
muscle membrane potential and, 429
muscle weakness due to, 429
paralytic ileus and, 430
potentiation of neuromuscular blocking drugs,
432
prevention of by beta-blockers, 428
reduced response to vasopressors, 430
reduction of cardiac output, 430
repolarlzlng rate of cell membranes decreased,
429
rhabdomyolysis during exercise and, 430
stress causing, 428
vascular resistance Increased by, 430

Hyponatraemla, 416-420
. acute,

definition of, 418
mortality and morbidity of, 417

anaesthetic management of, 419-420
cardiovascular manifestations, 417
causes, 416-417
chronic, definition, 418
hyperosmolality and, 417
hypo-osmolality and, 417
management of, 419
neurological manifestations, 418,424
rapid 5% glucose solution Infusion causing, 519
threshold plasma sodium for neurological
symptoms, 418,424
unconsciousness due to, 314
and hyperosmolallty due to mannitol, 322-323

Hypoprotelnaemla, oncotlc pressure causing In
terstitial oedema, 513
Hypotension, 40-55

anaesthetic management, 53-54
autoregulation and, 42
cardiac output and, 41-43,46,49,50
causes, 40
cerebral function and, 43-47,50,31
controlled, SO-52

bleeding after termination vascular phase
haemostasls, 227



blood loss and, 50
Indications, 50-51
liver function and, 384
minimum level, 51,311
surgical bleeding and, 51
techniques, 51-52
use of beta-blockers for, 52
use of deep general anaesthesia for, 51
use of spinal and epidural anaesthesia for, 51
use of vasodilator drugs for, 23-24,51-52

creatinine clearance and, 49
critical closing pressures, 43
decubitous ulceration and, 49
due to anaesthesia, treatment of, 25
due to anaesthetic gases, 15

. due to Induction agents, 14
due to neuromuscular blocking drugs, 17
due to opiates, 17·19
dysfunction thresholds, heart, brain, kidneys, 50
ECG changes due to, 47-48
heart and, 47-49,50
kidneys and, 49,50,356-357,359-360
liverand,49
myocardial ischaemia due to, 48-49,69
organ blood flow,

blood pressure and, 41,44
cardiac output and, 41

organ resistance, effect of, 41,44
pharmacological vs hypovolaemic, 42-43,46,49
physiology, 40-42
raised intracranial pressure and dangers of, 321
renal blood flow and, 49
renal function and, 356-360
surgical blood loss and, 50
tissue pressure and 43-44

- treatment of myocardial ischaemia due to, 73
74
undesired,

anaesthesia induced, treatment, 52
cardlogenic, treatment, 53
drug Induced, treatment, 52
hypovolaemic, treatment, 53
neurogenic, treatment, 53
speed of treatment effect, 53
treatment, 52·53
treatment Indications, 52

urine output and, 49,356-358
Hypothermia,

aortic stenosis and, 107,108
cerebrai effects of, 315
hypothyroidism and, 288
mitral regurgitation and, 98
mitral stenosis and, 93,94
myocardial Ischaemia and, 75,76
myotonia and muscle spasm, 337
sickle cell anaemia and, 223,224

Hypothyroidism, 288-296
- adrenocortical depression due to, 290
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· anaesthetic management, 293-295
- assessment of, 290-291
· atrophy of type-II muscle fibers, 289

baroreflex depression and, 289,343
cardiovascular problems due to, 289

· coronary vascular disease due to, 289
· drug kinetics and, 290
- eievated plasma catecholamine concentrations

dueto,289
· fluid compartment volume changes, 288

hypercarbic respiratory drive and, 172
hypercholesterolaemla due to, 290
hyponatraemla due to, 288,290
hypothermia due to, 288
hypovolaemla due to, 288
hypoxic respiratory drive and, 172
increased drug sensitivity due to, 290,293
management, 291-293

speed of restoration of normal cardiovascular
function, 291

mortality of hypothyroid coma, 288
myocardial Ischaemia and, 289,290-291,293
myopathy due to, 288-289
perloperatlve thyroid hormone administration,
Indications, 293
severity of,

mild, definition and clinical implications, 291
overt, deflnltlon and clinical Implications of,
290-291
subclinical, definition and clinical implica
tions,290

Hypoventllatlon,
- clinical Implications of, 166
- indices of, 166
Hypovolaemla, 546-555

absolute hypovolaemia, definition and causes,
546
acld·base disorders and reaction to, 479,488
anaesthetic management, 553-554
assessment of,

laboratorydiagnosis of type of hypovolaemia,
551
pulse pressure reduction, 551
reduced central venous pressure due to, 551
shock Index, factors modifying Interpretation
of,550
shock Index, use of, 550

baroreflexes and, 345
danger of in raised intracranial pressure,
325,331
definition, 546
drug effects and kinetics,

Initial plasma concentrations increased by,
548
kinetic compartmental volumes and, 595
reduced cardiac output slows elimination and
distribution, 549
toxic effects more pronounced, 548-549
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effects of,
blood pressure reduced by, 547,548
clinical manifestations, 547,548
controlled ventilation and, 549
oxygenfluxreduced,548
reduced cardiac output due to, 547,548
relationship of degree of hypovolaemia to ef
fects, 548
spinal and epidural anaesthesia and, 549·550
urine production reduced by, 548

head Injury and, 331
hypoadrenocorticism causing, 302
hypothyroidism causing, 288
management, 551-553

necessity to correct acidosis varies, 552
specific therapy directed at cause, 552-553
vasoconstrictors to maintain vital organ func
tion, 552

mean vascular filling pressure and. 546
myocardial ischaemia due to, and treatment of.
73-74
Pa02and,170
relative hypovolaemla, definition and causes,
546
third-space losses causing, 536

Hypoxaemla,
cerebral function and, 473,474
haemoglobin cardiac output product and,
160,161
hypercarbic respiratory drive and, 172
intraoperative causes, 169-174
liver dysfunction causing, 393-394
myocardial function and, 474
Pso and, 150-159
postoperative, causes of, 176-177
postoperative,

duration of after general anaesthesia, 174·175
magnitude of, 174-175

unconsciousness due to, threshold of, 311,473
Hypoxia, see "hypoxaemia"
Hypoxic respiratory drive,

acidaemla and, 172
age and, 172
alkalosis and, 172
anaesthetic gases and, 172
and factors affecting, 170-171,172
barbiturates and, 172
benzodlazepines and, 172
fever and, 172
hypercapnia and, 172
hypocapnia and, 172
hypothyroidism and, 172
nitrous oxide and, 172
opiates and, 172

Hypo-osmolality,416-420
threshold osmolality for neurological
symptoms, 418

Ibuprofen, bleeding time and, 254
Ileus, hypokalaemla causing, 430
Immediate operation, Indications, 7-8
Impaired liver function, 387-398
Indomethacin, bleeding time and, 254
Induction agents,
- myocardial depression due to, 13,14
· treatment of hypotension due to, 14
· myocardial contractility and, 14
Intarctlon, myocardial, 78-81
Infection, pulmonary, see pUlmonary Infection
Infections, pulmonary, 193-194
Infections, upper respiratory, 190-192
Infusion rates, drug regimes and, calculation of
589-590
Injury currents, myocardial Ischaemia and, 71
Inotropic drug use, threatened renal failure and,
363,365
Inotropic drugs, 22-27
- indications for use, 26
· oxygen flux Improvement with, 161,162
Insulin,

Infusion regimes, calculation of, 274,275
· kinetics, 271-272
· metabolism reduced by liver dysfunction, 388
Interstitial fluid,

distribution in body, 515
· pressure, normal, human, 511
- volume of, 505
Intestinal fluid, small Intestine, volume and com
position, 507
Intracardlac shunting, 113-116
Intracardlac shunting, see "shunting"
Intracellular electrolyte concentrations, 507
Intracellular pH, normal, 465
Intracranial pressure, raised, 320-327

altered level of consciousness due to, 320
anaesthetic management of, 323-326
cerebral perfusion pressure and, 320
dangers of arterial hypotension, 321,323,324
effect of glucocorticolds, 323
effect of hyperventilation, 321-322
fluid therapy and, 326
hypovolaemla, dangers of, 325,331
Importance of vasoconstrictor drug availability,
324,331
management of, 321-322
minimum perfusion pressure for normal
cerebral function, 320
neurogenic pulmonary oedema due to, 321,328
problems due to, 320-321
respiratory dysfunction due to, 320-321
use of diuretics for, 323
use of mannitol for, 322-323
cardiovascular effects of, 321

Intraoperative haemostatic disorders, 261-266



Intravenous fluids, 518-531
. blood volume replacing effects of some In

travenous fluids, 519
colloid solutions,

adverse reactions to, 524
definition of, 522

crystalloid solutions,
adverse reactions to, 541-542
definition of, 518

dextran solutions,
adverse reactions to, 524,529
blood crossmatchlng and, 527
coating of cells by, 527
distribution and uses, 529
elimination of, 526
erythrocyte aggregation and, 527
haemostatlc problems due to, 527
micro-embolization due to, 527
molecular weight spectrae, 526
regular administration of, problems, 528
renal function, adverse effects due to, 529

distribution and redistribution, 518
elimination half lives &distribution volumes, 528
gelatine solutions,

adverse reactions to, 524,526
blood crossmatching, no effect on, 525
dlstlbution and uses, 526
elimination half lives of, 525
elimination of, 525
erythrocyte aggregation and, 525
haemostatic defects, absence of, 525
preparation of, 525
preparations available, 523
renal function and, 525

glucose solutions, see "glucose solutions"
glucose-saline solutions, effects, distribution
and uses, 521-522
plasma protein solutions,

adverse reactions to, 524
blood coagulation and, 524
disease transmission and, 524
distribution of, 525
preparations available, 522,524

preparations available, composition of, 523
sodium chloride solutions,

alkalosis due to Ringer's lactate, 520
blood coagulability increased by, 520
distribution and indications for use, 521
ECFV expansion due to, effects of, 520
hyperglycaemla due to Ringer's lactate, 520
hypertonic sodium chloride, distribution and
uses,521
venous thrombosis incidence Increased by,
520

therapy with,
adverse effects colloids, 524
adverse effects crystalloids, 541-542
haemodynamlc effects, colloids, 541,542-543
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haemodynamlc effects, glucose 5%, 542
haemodynamlc effects of Ringer's lactate,
540-541
haemodynamlc effects of sodium chloride
0.9%,540-541
recommendations for fluids, 542
volume replacing effects, colloids, 542-543
volume replacing effects, glucose 5%, 542
volume replacing effects, Ringer's lactate
and,54O-541
volume replacing effects, Sodium chloride
0.9%,540-541

Intravenous fluid therapy,
principles, 532-545

· see "intravenous fluids, therapy with"
· see ''fluid therapy"
· see "surgery, fluid physiology model"
Ischaemia,
· myocardial,65-n
· warm, of kidneys, renal dysfunction and,

357,358
Isoflurane,

baroreflex dysfunction due to, 344
· haemodynamlc effects, 15
· haemostasis and, 254
· liver function and, 386
Isoprenaline,

effects and dose, 23
· kinetics & dynamics, 607

Jaundice, see "liver dysfunction, jaundice".

Ketamlne,
baroreflexes and, 344
cardiovascular collapse due to, 13
cardiovascular depression due to, 13,14
cerebral haemodynamics and, 324
gastrointestinal effects, 407
haemodynamic effects, 14
kinetics & dynamics, 602
liver function and, 384,385
postoperative nausea and vomiting due to, 412
sympathetic nervous stimulation by, 13

Kldneys,
· capillary closing pressure, 43
· hypotension and, 49,50
Known haemostatlc disorders and surgery, 259
260

Labetalol, effects and dose, 23
Lactate,
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Lactate dehydrogenase and hepatocellular
damage, 378
Lactate metabolism, liver dysfunction and, 389
Lactate metabolism, maximum rate of, 389
Lactate solutions, metabolic alkalosis dueto, 485
486
lactic acid, see also "lactate"
lactic acidosis, liver dysfunction and, 389
Laryngoscopy, hypertension and adverse effects,
38-39
Left bundle branch block, 140
Level of consciousness c1assfficatlon, 317-319
Ugnocaine,
· kinetics and dosage, 126
· uses and effects on heart, 127
Liver,
· hypotension and, 49
· blood flow, sources of blood, 383
Liver disease,

surgical risk assessment, Child classffication,
381
surgical risk assessment, Pugh classification,
382
type of, differentiation, 379-380
type of, importance of differentiating, 379

Uver dysfunction, 387·398
aldosterone metabolism reduced, 388
anaesthetic management, 395-397
anaesthetic management, care with fluid
balance, 397
ascites and, 390-391
cardiovascular effects of, 392-393
citrate Intoxication and, 389
coagulation protein synthesis reduced, 388
drug kinetics altered by, 394-395
drug metabolism reduced, 389
encephalopathy due to, 391
glucocorticoid hormone metabolism and, 388
haemostatic disorders and, 379,391
hormone metabolism reduced by, 388
hypoalbuminaemla, effects of,

ascites and oedema due to, 388,390-391
reduced drug transport, 387,395

hypoxaemia due to, 393-394
insulin metabolism reduced by, 388
jaundice, effects of,

myocardial depression due to, 392
nephrotoxicity due to, 392
obstructive, 392
obstructive, endotoxaemia due to, 391
smooth muscle contractility depression by,
392
vasoactive drugs, reduced effect of, 392

lactate metabolism and, 389
lactated intravenous fluids and, 389
lactic acidosis and, 389
plasma cholinesterase synthesis reduced by,
388

problems due to, 387-395
reduced hepatic protein synthesis and, 387
renal failure due to, causes of, 393
wound healing and, 387
spinal and epidural anaesthesia and, 384
anaesthetic gases and, 385-386

Uver function,
assessment, 378-382
assessment, plasma enzyme concentrations
and, 378-379
controlled ventilation and, 384
effect of surgery and anaesthesia, 405-409
effects of surgery and anaesthesia, practical
aspects, 386
hypercarbla and, 384
hypocarbla and, 384
hypotension, controiled and, 384
induction agents and, 384,385
muscle relaxants and, 384,385
opiates and, 384,385
PEEP and, 384
repeat anaesthetics and, 386
surgery, haemorrhage and, 383
surgery, increased sympathetic activity and,
383
tests of, albumin concentration, 379
tests of,

bromsulphthaJeln clearance and, 379
conjugated bilirubin concentration and, 37
partial thromboplastin time worthless, 379
plasma cholinesterase and, 379
prothrombin time as a test of, 379

Liverpool formula, 508
Local anaesthetic agents, acid-base disorders,
and effects of, 493
Lorazepam, kinetics & dynamics, 603
Lung function tests, see respiratory function tests
Lung tumors, 207-208

airway obstruction due to, 207
· anaesthetic management and, 208
· Eaton-Lambert syndrome and, 207
· myopathy and, 207
Lung volumes, functional meaning of, 164-166

Magnesium,
hypermagnesaemia due to renal failure, 368
369
neuromuscular function and, 334-335

Malignant hyperthermia, and muscular
dystrophy, 337
Mannitol,

dose reqUired to reduce raised Intracranial pres
sure, 322
effect on raised Intracranial pressure, 322
effects on blood volume, 322-323,364
effects on haemodynamlcs, 322-323,364



heart failure due to, 322
hyponatraemla due to, 322-323,364
hypotension due to, 323
preservation of renal mitochondrial function
wlth,364
rapidity of effect on raised Intracranial pressure,
322
renal failure due to, 323,364

Match test, see "Snider match test'
Maximum breathing capacity, 163,167

early respiratory exhaustion and, 184
. pUlmonary complications and, 184
. risk of oxygen depression of respiration and,

199,200
Mean arterial blood pressure, calculation of, 10
Mean mid-expiratory flow rate, 167
Melphalan, bleeding time and, 254
Membrane,

potassium permeability, 429
potential, Goldman-Hodgkin-Katz equation,
428-429
potential, rate of repolarizatlon decreased by,
429
potential, reduced by hypokalaemia, 443
resting potential, normal, 429

Membrane resting potential in hypokalaemia, 429
Metabolic acidosis, see "acidosis, metabolic"
Metabolic alkalosis, see "alkalosis, metabolic"
Metaraminol, effects and dose, 23
Methadone, kinetics & dynamics, 602
Methoxyflurane, fluoride nephrotOXicity due to,
360
Methohexltone,

baroreflex depression due to, 343
· haemodynamic effects, 14
· kinetics & dynamics, 602
· postoperative nausea and vomiting due to, 412
Methoxamine, effects and dose, 23
Methoxyflurane, liver function and, 385
Methylprednisolone,
· potency relative to other glucocortlcolds, 298
· speed of action after iv administration, 305
Metoclopramlde, kinetics & dynamics, 603
Metocurlne, haemodynamic effects, 16
Mexiletine, kinetics and dosage, 126
Mldazolam

baroreflex depression due to, 343
central compartment volume after haemor
rhage, 595
haemodynamlc effects, 14
kinetics & dynamics, 603

Minute volume, normal 163
Mlthramycin, bleeding time and, 254
Mitomycin, bleeding time and, 254
Mitral prolapse, 100-103

anaesthesia and, 101-103
arrhythmias and, 100-101

· beta-blockers and, 101,102
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chest pain and, 100
general description, 100
heart rate and, 101
Incidence, 100
palpitations and, 100
plasma catecholamine concentrations and, 100
shortness of breath and, 100
systemic vascular resistance and, 101

· vasoconstrictors and, 101
· vasodilators and, 101
· ventricular volume and, 101
Mitral regurgitation, 95-99

anaesthesia and, 97-99
blood volume and, 97
general description of, 95
hypothermia and, 98
mortality of, 95
myocardial contractility and, 97
pulmonary congestion/oedema due to, 95-96
systemic vascular resistance and, 96-97
tachycardia and, 96
valve area and, 96
valve area and ventricular volume, 95

· vasoconstrictors and, 96
· vasodilator use In, 96-97,98
Mitral stenosis, 89-94

anaesthesia and, 93-94
arterial embolization and, 90
atrial fibrillation and, 90
cardiac output and severity, 90-92
characteristic disorder, 89
drug kinetics and, 92
fixed cardiac output due to, 91
haemodynamic parameters and severity, 90
hypothermia and 93,94
mortality of, 89
physical exertion and, 91
severity and valve area, 90
stress and, 91
systemic vascular resistance and, 91-92
tachycardia and, 91
valve area causing symptoms, 90,91
vasoconstrictors and, 91

· ,vasodilators and, 91
Mlthramycln and blood coagulation, 254
Mobltz II rhythm, 139
Morphine

cerebral haemodynamlcs and, 324
haemodynamlc effects, 17
kinetics in liver dysfunction, 394
kinetics In renal failure, 371
kinetics & dynamics, 602
postoperative nausea and vomiting due to, 412

Mortality, valvular disease and, 87
Motion sickness, management of nausea and
vomiting due to, 414
Muscle relaxants, see "neuromuscular blocking
drugs"
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Muscle relaxation, diaphragm, due to anaesthetic
gases, 173
Muscle weakness, hyperthyroidism and, 281
Muscular dystrophy,
· malignant hyperthermia and, 337
· suxamethonium and, 337
Myasthenia gravis,
· and muscle relaxants, 336
· effects on neuromuscular function, 336
· suxamethonium and, 336
Myocardial contractility,

acidosis reduces contractility, 491
anaesthetic gases and, 15
depression by opiates, 17,18
hyperbilirubinaemia and, 392
hypoxia and, 474
induction agents and, 14

Myocardial damage, hypotension, damage
thresholds, 50
Myocardial infarction, 78-81

also see "myocardial relnfarctlon"
· frequency of relnfarctlon, 78,79
· myocardial ischaemia and, 72
· perloperative, frequency of, 78
Myocardial ischaemia, 65-77
· anaemia and, 71

anaesthetic management of, 74-76
aortic regurgitation and, 110
aortic stenosis and, 104,105
aortic stenosis and, 105
arrhythmias and, 124
blood pressure and, 68,69
CVP and, 70-71
ECG lead and detection rate, 72-73
ECG monitoring, CB5 configuration, 73
ECG monitoring and, 72-73
factors affecting development, 68-71
heart rate and, 68,69
hypertension and, 69
hypotension and, 48-49
hypotension and, 69
hypothermia and, 75,76
hypothyroidism and, 289,290-291,293
Increased perloperative morbidity and 72
injury currents and, 71
myocardial infarction and, 72
nitroglycerin for treatment of, 74
PCWP and, 70-71
perioperative management, 73-74
rate pressure product and, 70
reduction of cardiac output by, 71
re-entrant arrhythmias and, 71
Myocardial ischaemia, tachycardia and, 69
transmural flow gradient and, 66-67
treatment of due to hypovolaemia, 73-74
treatment of due to tachycardia, 74
treatment with vasodilators, 24
vasoconstrictors and, 74

· ventricular arrhythmias and,71
Myocardial relnfarctlon, 78-81
· anaesthetic management, 80-81
· duration of operation and chance of, 79

heart failure and, 80
hypertension and, 80
hypotension and, 80
myocardial Ischaemia and, 80
perioperative, frequency of 78,79
perioperative myocardial ischaemia and, 80
site of operation and, 80

Myopathy,
acidosis causing, 489
hyperadrenocorticism causing, 298
hyperkalaemia and, 444
hypoadrenocorticism causing, 303
hypokalaemia causing, 429-430
hypothyroidism and, 288
lung tumors and, 207

Myotonia,
acetylchollnesterases and, 337
hypothermia and, 337
sedatives and, 336
suxamethonlum and myotonia, 337

Naproxen, bleeding time and, 254
Nasogastric tube, requirement for, 408-409
Nausea and vomiting, 410-414
Neostigmine

elevation of gastrointestinal intraluminal pres
sure by, 407-408
kinetics in renal failure, 371
kinetics & dynamics, 603

Nephrolithiasis, hypercalcaemia causing, 458
Nephrotoxicity, hyperbillrubinaemia and, 392
Neuromuscular blocking drugs,

acid-base balance and, 489
acid-base disorders and degree of ionization of
drug, 493
baroreflexes and, 344
ganglion blockade due to, 16
gastrointestinal effects, 407
haemodynamic effects, 16-17
histamine release due to. 16
hyperkalaemia and, 444-445
hypokalaemla potentiation of. 432
hypotension due to, 17
reduced effects non-depolarizlng drugs, 458

Neuromuscular function and disorders of, 334
339

acid-base disorders and, 489
alcohol abuse and, 335
anaesthetic management of disorders of, 337
338
autoimmune diseases and, 335



· calcium disorders and, 334
· dennervatlon and, 335
· dennervatlon and resistance to muscle

relaxants, 335
· diabetes mellitus and, 335

Eaton-Lambert syndrome, see "Eaton-Lambert
syndrome"
glucocorticoid hormones and, 298,335
magnesium and, 334-335
muscular dystrophy and, 337
myasthenia gravis and, 336
myotonia and, 336-337
potassium disorders and, 334
thyroid disease and, 335

Nitrofurantoin, bleeding time and, 254
Nitroglycerin,
· effects and dose, 23
· myocardial Ischaemia treatment and, 74
· use In Intraoperative heart failure, 61
Nitroprusside-sodium, effects and dose, 23
Nitrous oxide,

baroreflex dysfunction due to, 344
elevation of middle ear pressure, time to peak
effect, 191
gastrointestinal dilation due to, time to peak ef
fect,407
gastrointestinal function and, 407
haemodynamic effects, 15
haemostasls and, 254
hypercarbic respiratory drive and, 172
hypoxic respiratory drive and, 172
Increased paranasal sinus pressure and, 191
middle ear ossicular dislocation caused by, 191

· tympanic membrane rupture caused by, 191
Noradrenaline,
· effects and dose, 23
· kinetics & dynamics, 607
Nucleotldase-5, and hepatocellular damage, 378
NYHA classification, 31

Obesity, pharmacokinetics and, 598
Obstructive airways disease,
· clinical significance of, 166-167
· Indices of obstruction, 166-167
· also see "chronic obstructive airways disease"
Oedema, Interstitial,
· plasma albumin concentration and, 51
· plasma colloid osmotic pressure and, 513
Oedema, traumatic, see third-space
Opiates,
· acid-base disorders and effects of opiates,

493,598
gastrointestinal effects, 407
haemostasis and, 254
haemodynamlc effects, 17-19
histamine release and, 17
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hypotension due to, 18,19
hypoxic respiratory drive and, 172
liver function and, 384,385
myocardial depression and, 17,18

· potentiation of myocardial depression by other
drugs, 17,18

· see also speclflc opiates
Organ blood flow, as percentage of cardiac out
put, 578
Orthopnea, significance of, 28
Osmolality,
· definition of, 504
· plasma, calculation of, 417
· plasma, unconsciousness and, 314
Osmolarity, definition of, 504
Osmole, definition, 504
Osmotic pressure, definition and calculation of,
504
Oubaln, kinetics and dosage, 126
Oxygen,
· consumption, normal, 163

content, blood, 157-158
depression of respiration and, 199-200

· Pa02 and cerebral function, 311-312,473-474
· respiratory depression and, definition of

patients at risk, 199·200
Oxygen flux, 158
· acid-base disorders and, 474-476
· and fixed cardiac output, 161

blood transfusion and, 161
cardiac output and, 159-161
Fick equation and, 159
haemoglobin cardiac output product, 159-160
Inotropic drugs and, 161,162
Pso and, 158-159
reduced by hypovolaemla, 548

· threshold of unconsciousness and, 161
Oxygen transport, see "oxygen flUX"
Oxygenation, various gas mixtures, upper airway
obstruction and, 205

Pso, 151,153,158-159
Pso, tissue hypOXia and, 158-159
P90,151,153
Pacemakers, 145-148
· anaesthetic management of patients with, 146-

147
· cardioversion and, 146
· electrical Interference and, 146
· fixed cardiac output and, 146
· Indications for Insertion, 145
· plasma potassium concentration and, 145-146
Packed cells, for blood transfusion, 559
PaC02, cerebral function and, 312-314
Pancreatic secretion, volume and composition,
507
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Pancuronlum,
haemodynamlc effects, 16

· kinetics in liver dysfunction, 394
· kinetics in renal failure, 371
· kinetics &dynamics, 603
Pa02,

age and, 154,155
· cerebral function and, 311-312,473-474
· expected, 154-156
· lowest compatible with consciousness, 311 ,473
· and hypovolaemla, 170
Paracetamol and haemostasis, 254
Paralyses, hyperkalaemia due to
suxamethonium, 443
Paramethasone, relative potency, 298
Paraneoplastic syndromes, lung tumors and, 207
Parathyroidectomy, hypercalcaemia and, 460
Pharmacodynamics, definition of, 576
Pharmacokinetics, central compartment volume,
definition of, 577-578
Partial thromboplastin time, 231,233

coagUlation factor concentrations and, 231
maximum permissable for safe surgery and
anaesthesia, 235-236
monitoring of heparin effect with, 249
normal,233
worthless as test of liver function, 379

Peak expiratory flow rate,
and duration of expiration, 182
and FEY1, relationship between, 182,184
cough and, 183·184
postoperative pulmonary complications and,
183-184

PEEP,
· liver function and, 384
· renal function and, 359
Penlclllin-G, bleeding time and, 254
Pentazocine,
· haemodynamic effects, 17
· kinetics in liver dysfunction, 394
· kinetics & dynamics, 602
Pentobarbitone,
· baroreflex depression due to, 343
· kinetics In renal failure, 371
· kinetics & dynamics, 602
Perioperative fluid therapy, 568-574
Perioperative fluid therapy, see "Intravenous fluid
therapy"
Perioperative haemostasis, acceptable, 233-237
Peripheral compartment volume for drugs, 580
Petechiae, platelet concentration and, 234
Pethidine,
· haemodynamlc effects, 17
· kinetics in liver dysfunction, 394
· kinetics & dynamics, 602
pH see "acid-base disorders"
Pharmacokinetics,
· age and, 598-599

body weight and relationship of kinetic
parameters to, 580
bolus and repeat dose calculations, 587-589
cardiac output, effects of changes of, 593-594
clearance of drugs, 580

· definition of, 576
· distlbutlon volume, altered, causes and effects,

596
· distribution and elimination phases, uses of,

584·585
· distribution and elimination phases of drugs,

579
· distribution half life, 578-579
· distribution of drugs, 578-579

distribution volumes, 579-580
duration drug overdose effect, or effect of any
drug, 585-586
effects of heart failure, 597
elimination half life, 580

· factors modifying, 592-599
· half life, concept of, 581
· hypovolaemia and kinetic compartmental

volumes, 595
· Intravenous infusion regimes, calculation of,

589-590
ionization percentage, calculation of, 587
liver dysfunction and, 394,395
local anaesthetics and acid-basedisorders and,
597
multicompartment models, general discussion,
576-577
myocardial infarction and, 597
obesity and, 598
opiates and acid-base disorders, 598
peripheral compartment volume, 580
principles, 576-591
plasma concentration, relation to drug effect,
586-587
protein binding, effects of changes, 596,598
reduced central compartment volume, causes
and effects, 595-596
renal dysfunction and, 370-372
repeat drug doses and effect, 583,584
route of administration and, 592-593
short lasting effects of drugs with a long T1/2e,
582-583

· Tl/2Keo and speed of drug effect, 586
Phenidlone, dose and duration of effect, 247
Phenoperidlne,
· kinetics In liver dysfunction, 394
· kinetics & dynamics, 602
Phenoxybenzamlne, effects and dose, 23
Phenprocoumon, dose and duration of effect, 247
Phentolamine, effects and dose, 23
Phenylbutazone, bleeding time and, 254
Phenylephrine,
· aortic stenosis and, 107
· effects and dose, 23



Phenytoin, kinetics and dosage, 126
Phosphate administration, hypercalcaemia,
management of, 460
Phosphodiesterase Inhibition, clinical sig
nificance of, 195
Physostigmine, kinetics & dynamics, 602
Pindolol, kinetics and dosage, 127
Plasma, fresh frozen, see fresh frozen plasma
Plasma, see Intravenous fluids, plasma protein
solutions
Plasma cholinesterase, liver dysfunction and
reduced synthesis, 388
Plasma cholinesterase and liver function, 379
Plasma protein solutions, see Intravenous fluids,
plasma protein solution
Plasma volume, 505
Platelet deflclency, typical manifestations of, 227
Platelet disorders, 243-246
- calculation of platelet dosage, 243-244
- deficiencies, causes, 243
Platelet dysfunction,

cryoprecipitate used to treat, 245
DDAVP for treatment of, 244

- dialysis for uraemic thrombopathy, 245
- platelet transfusion and, 244
- renal failure and, 370
Platelet function tests,

bleeding time, Duke, 229
bleeding time, Ivy, 229
bleeding time, Template, 230
intraoperative limitations to use of bleeding
time, 230

- platelet count, 229,233
Platelets, concentration,

bleeding time and, 234
clot retraction and, 234
increased surgical bleeding and, 234
minimum required for normal primary haemos
tasis,234
minimum for safe surgery and anaesthesia, 234
235,236
petechiae, ecchymoses and, 234
spontaneous fatal haemorrhage and, 234
haemostatic effects related to platelet con
centration, 234

Platelets, lifespan of, 244
Platelets, time to peak function after transfusion,
244
Polyuria, hypercalcaemia causing, 458
Portal hypertension, liver dysfunction and, 389
390
Position and intraoperative hypoxaemia, 169
Postoperative, nausea and vomiting, manage
ment of, 413-414
Postoperative pulmonary complications,
- at risk patient definition of, 184,185-186

causes, 176-177
- deficient cough and, 183-184

637

- FEVl and, 184
· management of at risk patients, 186-188

maximum breathing capacity and, 184
· nature of, 176-177
· peak expiratory flow rate and, 183-184
· predisposing factors, 186
Potassium,
· quantity In extracellular fluid space, 434
- and neuromuscular function, 334

chloride for treatment of metabolic alkalosis,
497

- concentrations in various body fluids, 427
- release of after suxamethonium and dennerva-

tion myopathy, 335
Prazosin, use in chronic heart failure, 60
Prednisolone,
- potency relative to other glucocorticoids, 298
- speed of action after iv administration, 305
Prednisone, relative potency, 298
Premature atrial contractions, 131
Premature ventricular contractions, 141
Preoperative assessment, clinical, 2-4
Preoperative blood transfusion,
- Indications for, 219-220
· sickle cell anaemia and, 223
Preoperative fast, 400-404
Preoperative respiratory assessment, 179-189
Procainamlde,
- kinetics and dosage, 126
- uses and effects, 127
Profolol,
· haemodynamic effects, 14
- kinetics & dynamics, 602
- liver function and, 384,385
Prolapse, mitral valve, 100-103
Prophylaxis, bacterial endocarditis, 84-86
Propranolol,
- cardiac effects and use In arrhythmias, 127
- hyperthyroidism management, 283,286
- kinetics and dosage, 126
Propylthiouracil, In treatment of hyperthyroidism,
282,283,286
Protamine,
· calculation of dose reqUired to reverse heparin

effect, 251-252
- dose calculation using activated clotting time,

252
· heparin protamine equivalence, 250
· reversal of heparin with, 250-252
Protein binding of drugs, effects of changes,
596,598
Prothrombin time, 231,233

coagulation factor concentrations and, 231
liver function and, 379
maximum permissable for safe surgery and
anaesthesia, 235-236
monitoring of oral anticoagulants with, 248

· normal233
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Pugh, classification of liver disease and surgical
risk,382
Pulmonary effects of anaesthesia and surgery,

closing capacity increased byanaesthesia, 173
174
diaphragm, height in chest, 173
functional residual capacity reduction, speed
of, 173
hypercarbic respiratory drive depression, 171
173
hypovolaemia and Pa02, 170
hypovolaemia and (A-a)D02, 170
hypoxaemia, Intraoperative, 169-174
hypoxaemla and operative technique, 169
hypoxaemia and position, 169
hypoxic respiratory drive depression, 170
171,172
increased CCfFRC ratio, 173-174
postoperative hypoxaemia, causes, 176-177
postoperative hypoxaemla duration, 174-175
postoperative hypoxaemla magnitUde, 174-174
postoperative pUlmonary complications and,
176-177
reduction of FRC by anaesthesia, 173
regional anaesthesia and, 174
respiratory drives, depression of, 170-173
(A-a)D02 increased by anaesthesia, 174

Pulmonary function tests, see "respiratory func
tion tests"
Pulmonary infection, 193-194

anaesthetic management of patients with, 193
194
exacerbation by anaesthesia and surgery, 193
indications for surgery during, 193-194

Pulmonary oedema, crystalloid solutions caus
Ing, 520,542
Pulmonary stenosis, 113
Pulse pressure, reduced by hypovolaemla, 551
Pyridostigmine,

kinetics in renal failure, 371
. kinetics & dynamics, 603

Quinidine,
kinetics and dosage, 126

. uses and effects, 127

Raised Intracranial pressure, 320-327
Raised Intracranial pressure, surgically correc
table, 8
Rate pressure product, myocardial Ischaemia
and, 70
Regional anaesthesia, postoperative course and,
174
Regional anaesthesia, pUlmonary effects of, 174

Regurgitation, aortic, 109-112
Regurgitation, mitral, 95-99
Rehydration, in management of hypercalcaemia,
459
Relnfarctlon, myocardial, 78-81
Renal blood flow. hypotension and, 49
Renal damage. thresholds for, 49,50
Renal failure. 367-376

anaemia and, 369-370
. anaesthetic management of, 372-374

cardiovascular problems and, 370
drug kinetics and, 370-372
haemostatlc disorder and, 370
hyperkaJaemla, non-ollguric renal failure and,
368
hyperkalaemla, oliguric renal failure and, 368
hyperkaJaemla and, 368
hyperuricaemia and, 369
hyper- and hypovolaemia due to, 367-368
hypocalcaemia and. 368
hypermagnesaemla and, 368-369
liver dysfunction causing, 393
management of platelet dysfunction in, 370
mannitol causing, 323
metabolic acidosis and, 369
ollgurlc vs non-ollguric and pulmonary oedema,
367
platelet dysfunction and, 370
problems due to, 367-372
threatened, 362-366

anaesthetic management of, 365
causes of renal failure, 362
depression of renal metabolism in manage
ment of, 365
diuretics and, 363-364
dopamine used to treat, 365
frusemlde used for, 364,365
Increasing urine output, 363-364
Inotropic drug use and, 363,365
management of, 363-365
mannitol uses and effects, 364
mitochondrial function preservation with
mannitol, 364
recognition, two hour creatinine clearance,
use of, 363
recognition of, 362-363

Renal function,
acute renal failure, assessment of, 353-354
anaesthetic gases and fluoride toxicity, 360
assessment, 350-354
cardiac output and, 357-358
controlled ventilation and, 359
cortlco-medullary shunting, 355
creatinine clearance, 352-354
critical thresholds for renal dysfunction, 359
dextrans and adverse effects due to, 529
effect of anaesthesia and surgery, 355-361
epidural and spinal anaesthesia and, 359



gelatine solutions and 525
hypotension and, 356-360
nephrotoxic anaesthetic agents and, 360
normotensive genAraI anaesthesia and, 359
PEEP and, 359
plasma creatinine and, 352
plasma urea and, 352
surgery and,

adrenal hormone secretion due to, 355
antidiuretic hormone and, 355
epidural block and sodium excretion, 355
redistribution of renal blood flow due to, 355
sympathetic nervous system and sodium ex
cretion, 355

. warm ischaemia, maximum duration of, 357,358

. warm ischaemia, renal survival and, 357,358
Respiratory acidosis, see "acidosis, respiratory"
Respiratory alkalosis, see "alkalosis, respiratory"
Respiratory assessment,

at risk patient definition, 184,185-186
bedside respiratory function tests, 181-183
blood gases and, 185
breath holding test, 182-183
cough, importance of, 183,185
cough and peak expiratory flow rate, 183-184
duration of expiration, 181-182
FEV1, pulmonary complications and, 184
history, 179-181
management of at risk patients, 186-188
maximum breathing capacity and pulmonary
complications, 184
maximum breathing capacity and respiratory
exhaustion, 184
observation, 180-181
oxygen induced respiratory depression,
patients at risk, 199-200
peak expiratory flow rate, pulmonary complica
tions and, 183-184
physical examination, 181
postoperative pulmonary complications,
predisposing factors, 186
relation of bedside to laboratory tests, 182
severity classification by clinical history, 180
Snider match test, 181,182

Respiratory drive,
depression of by anaesthesia, 170-173

· hypercarblc, factors affecting, 171-173
· hypothyroidism, and depression of, 289
· hypoxic, and factors affecting, 170-171,172
Respiratory effects anaesthesia & surgery, see
"pulmonary effects"
Respiratory failure, surgically correctable, 7
Respiratory function tests, 163-168

alveolar-arterial P02 difference, 163
· clinical meaning of, 164-168

closing capacity, 163,165-166
dead space, 163,165

· FEV1,163,167
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hypoventilatlon, clinical implications of, 166
hypoventilation, indices of, 166
interpretation of, 164-168
lung volumes and their meaning, 164-166
maximum breathing capacity, 163,167

· mean mid-expiratory flow rate, 167
minute volume, normal value, 163
normal values of, 163
obstructive disease, implications of, 166-167
obstructive disease, indices of, 166-167
respiratory rate, 163
Tidal volume, 163,165

· total lung capacity, 163,164
· vital capacity (expiratory), 163,165
Respiratory Infection, see "pulmonary Infection"
Respiratory rate, normal, 163
Rhabdomyolysis, hypokalaemla as cause, 430
Right bundle branch block, 140
Ringer's lactate,
· metabolic alkalosis due to, 485-486
· also see "intravenous fluids, sodium solutions

Salicylate, sodium, and haemostasis, 254
Saliva, volume and composition, 507
Saturation of haemoglobin at various pH levels,
475
SSE prophylaxis, see "bacterial endocarditis"
Scopolamine (hyoscine), haemodynamlc effects,
18
Seawater, sodium concentration, hypernatraemia
dueto,422
Shock, treatment with vasoconstrictors, 24-25
Shock index, assessment of degree of
hypovolaemia with, 550
Shunting, Intracardiac, 113-116

common causes of, 113
Eisenmenger's syndrome and, 114
left-to-right,

anaesthesia and, 114
causes, 114
heart failure and, 114
pulmonary artery pressure and, 114
pulmonary/systemic flow ratio, 114
systemic vascular resistance and, 114

right-to-Ieft,
air bubble injection and, 116
anaesthesia and, 115-116
causes, 114-115
due to foramen ovale, 113,115
emboli and, 115
hypoxaemla and 115
Pulmonary/systemic arterial pressure ratio
and symptoms, 115
PVR/SVR ratio and symptoms. 115
vasoconstrictor use and, 115

Sick sinus syndrome, 130-131
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Sickle cell anaemia, 221-224
acidaemia and, 223
anaesthetic management, 223-224
cellular dehydration and, 222-223
definitions and characteristics of, 221,222
embolic disorders and, 222
haemolysis, and, 221-222
hypothermia and, 223,224
incidence, 221
pathophysiology of structural changes, 221
perioperative sodium bicarbonate admlnlstra
tlon,223
preoperative blood transfusion and, 223

Sinus bradycardia, 130
Sinus tachycardia, 129
Sleep disturbance, due to heart failure, 29
Smoking, 209-212

anaesthetic problems due to, 210
carbomonoxyhaemoglobln reduction, 210
perioperative problems due to, 209-210
postoperative pUlmonary infection reduction,
210
preoperative abstinence, minimum period re
quired,210

Snider match test,
· for respiratory assessment, 181,182
· relation to maximum breathing capacity, 182
· relationship to FEV1, 182
Sodium chloride,

for management of hypochloraemlc alkalosis,
497
In hyperkalaemla management, 447
0.9%, see "intravenous fluids, NaCI 0.9%"
0.9%, see "intravenous fluids, sodium solutions"

Sodium content various body secretions, 421
Sodium excretion, epidural block during surgery,
effect of, 355
Sodium excretion, surgery and, 532
Sodium nitroprusside, effects and dose, 23
Spinal anaesthesia,

baroreflex dysfunction and, 345-346
effect on haemodynamlcs, 12
hypovolaemia exacerbates hypotension due to,
549-550
iiver function and, 384
use for controlled hypotension, 51

Stenosis, aortic, 104-108
Stenosis, mitral, 89-94
Stored whole blood,

2,3-DPG concentration reduced In, 560
acid-base balance and, 561
coagulation factor concentrations In, 561
erythrocyte fragility Increased, 559
haemolysis after transfusion and, 559
leukocytes and, 560
microaggregate formation in, 560
microaggregate formation rate, 560
microaggregates and microembollzatlon, 560

oxygen transport reduced, 559-560
plasma cholinesterase concentrations In, 562
platelets and, 560
potassium concentration In, 561
speed of 2,3-DPG concentration increase after
transfusion, 560

Sufentanll,
. haemodynamic effects, 17
. kinetics & dynamics, 602
Sullndac, bleeding time and, 254
Sulphlnpyrazone and haemostasls, 254
Supraventricular tachycardias, 134-135
Surgery,

and increased sympathetic activity, 11
cardiovascular effects, 11-21
cardiovascular effects of, 11-21
effect on gastrointestinal function, 405-409
effect on liver function, 405-409
effect on renal function, 355-351
gastrointestinal function and, 405-406
glucocorticoid secretion increased by, 304
minimum acceptable perloperatlve blood loss,
calculation of 564-565
minimum haemostatic parameters and, 233
237
renal function and, see "renal function"

Surgical bleeding, hypotension and, 50
Surgery, fluid physiology,

also see "Intravenous fluids, therapy", and ''fluid
therapy"
albumin, plasma concentration reduced by, 532
antidiuretic hormone secretion, fluid regime
and,532
colloid osmotic pressure reduced by, 532
extracellular fluid volume changes due to
surgery, 535
hormonal effects, 532
model of (simple), 533
sodium excretion reduced by, 532
sympathetic nervous activity Increased, effects
of,532-533
third-space,

definition of, 534
generalized oedema and, 536
hypovolaemla due to, 536
postoperative duration of losses, 535-536
transcapillary exchange In traumatized tissue,
533-534
transcapillary refill In traumatized tissue, 534
535
type of fluid forming, 534
volumes of losses for various operations,
535,536

Surgery, fluid physiology model, 536-540
also see ''fluid therapy" and "Intravenous fluids,
therapy"
adult respiratory distress syndrome, 543
colloid-crystalloid non-controversy, 543-544



equations describing, 540
evaporative water losses, 538
impermeability of veins and arteries, 537
permeability of normal capillaries and venules,
538
permeability of traumatized capillaries and
venules, 538
third-space losses, 538

- transcapillary refill, 538
- urinary losses, 538
- use of for therapy, 540-544
Suxamethonium,

and myotonia, 337
dynamics, 603
haemodynamlc effects, 16
hyperkalaemia due to, 443
muscular dystrophy and, 337
myasthenia gravis and, 336
potassium release after dennervatlon, 335

Sweat, volume and composition, 507
Sympathetic nervous activity, acid-base disor
ders and, 480,488
Sympathetic stimulation,

carbon dioxide, 15
- cyclopropane, 15
- ether and, 15
Systemic vascular resistance, calculation of, 10

Tachycardia, myocardial ischaemia and, 69
Tachycardia, treatment threshold, 123-124
Temperature, body, cerebral function and, 315
Tests of haemostatic function, 229-232
Theophylline,

also see xanthines
antagonism of non-depolarizing muscle
relaxants, 195
Infusion rates, 198
potentiation of suxamethonium, 195

Thiopentone,
baroreflex dysfunction due to, 343
effect on cerebral haemodynamics, 324
gastrointestinal effects, 407
haemodynamic effects, 14
kinetics In liver dysfunction, 394
kinetics In renal failure, 371
kinetics & dynamics, 602
liver function and, 384,385
postoperative nausea and vomiting due to, 412
Tl/2Keo of, 586
Vo reduced in old age, 595

Third space losses, see "surgery, fluid physiology,
third-space"
Threatened renal failure, 362-366
Thresholds of cerebral dysfunction, 310-316
Thrombin time, normal, 233
Thrombocytes, see "platelets"
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Thrombocytopaenia, see also "platelet disorders,
deficiencies"
Thyroid function, effects of anaesthesia and
surgery, 281-282
Thyroid hormones,

catecholamlnes and, 279
catecholamlnes, and beta-receptors, 279
doses In hypothyroidism, 292-293
glucocortlcolds and, 279
kinetics of, 292
physiology of, 279
time to restoration of normal cardiovascular
function with, 291

Thyroid storm, 285-286
causes and diagnosis, 285

- management of, 285-286
- mortality of, 285
- propranolol used for, 283,286
Thyroxine, see "thyroid hormones"
Tidal volume, 163,165
Tissue hypoxia,
- anaemia and, 214-216
- Pso and, 158-159
Tissue pressure,
- and closing pressure, 43-44
. blood flow in hypotension, 43-44
Tocalnide,
- kinetics and dosage, 126
. uses and effects, 127
Total body water volume, 505
Total heart block, 140
Totallung capacity, 163,164
Transaminases and hepatocellular damage, 378
Transcaplllary fluid exchange,

capillaries and venules, relative surface areas,
508
capillary blood pressures, human, 510
colloid osmotic pressure, plasma & Interstitium,
human, 511
dependent 11mb, 512
elevated 11mb, 512
elevated venous pressure, 513
factors affecting direction of fluid flow, 514-515
hypoproteinaemla, 513
hypovolaemla, 514
interstitial fluid pressure, normal, human, 511
normal situation, 511
reduced venous pressure, 514

Transcapillary refill,
factors affecting, 514-516
interstitial fluid distribution, abdominal surgery
and,515-516
interstitial fluid distribution, clinical significance,
515
Interstitial fluid distribution, clinical significance
and,330
rate of, site of operation and, 515-516
rate of after haemorrhage, 515
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· source of fluid, 515
Trauma capitis, 328-333
Triamcinolone, relative potency, 298
Trimetaphan, effects and dose, 23
Tri-iodothyronine, see ''thyroid hormones"
Tubocurarine,

baroreflex depression due to, 344
haemodynamlc effects, 16

· kinetics in liver dysfunction, 394
· kinetics in renal failure, 371
· kinetics & dynamics, 603
· T1I2Keo of, 586
Tumors, lung, 207-208
Turbulent fluid flow, equation describing, 204

Unconsciousness,
· hypercalcaemia causing, 458
· oxygen flux and, 161
· speed of due to circulatory arrest, 310
Upper airway obstruction, 201-206

anaesthetic management, 203-206
anaesthetic gases, considerations and choices,
204-205
clinical history, important points, 201-202
clinical severity classification, 202
helium, considerationsand Indications, 203-204
management, general, 202-203
preparations for anaesthesia, 203-204
respiratory gas mixtures, and oxygen flow, 205

Upper respiratory tract infections, 190-192
anaesthetic management, 191
complications in operative field, 190
exacerbation by surgery and anaesthesia, 191
increased paranasal sinus pressure and, 191
indications for surgery & anaesthesia, 191
nitrous oxide and, 190-191
middle ear ossicle dislocation due to nitrous
oxide, 191
tympanic membrane rupture due to nitrous
oxide, 191

Urea, renal function and, 352
Urinary sodium excretion, surgery and, 532
Urine, volume and composition, 507
Urine osmolality, normal range, 351
Urine osmolality, relation to urine specific gravity,
351
Urine output,
· acute renal failure and, 353
· aetiology of hypotension and, 357-358
· arterial blood pressure, threshold for anuria,

356-357
blood pressure and, 356-358
cardiac output and, 357-358
hypotension and, 49,356
minimum dally output, 350-351
normal,350

· oliguria, definition of, 350
· reduced by hypovolaemla, 548
Urine specific gravity,
· diurnal variation of, 351
· normal,351
· relation to urine osmolality, 351
· renal fallure,loss of diurnal variation, 351
URTI, see "upper respiratory tract Infection"

Valsalva reflex, baroreflex dysfunction and, 346
347
Valvular disease,
· aortic regurgitation, 109-112
· aortic stenosis, 104-108

ECG monitoring and, 88
general aspects, 87-88
mitral prolapse, 100-103
mitral regurgitation, 95-99
mitral stenosis, 89-94
mortality due to, 87
SSE prophylaxis and, 88
severity, and level of monitoring, 88

Vascular permeability,
· to macromolecufes 508-510
· to macromolecules In various organs, 509
Vasoactive drugs, 22-27
Vasoactive drugs, view of effects, 22
Vasoconstrictors,

aortic stenosis and, 106,107
hypovolaemla, use In, 552
in treatment of myocardial Ischaemia, 74
rlght-to-Ieft intracardlac shunting and, 115
use In head Injured patients, 331
use In shock states, 24-25
use of In patients with raised intracranial pres
sure, 324,331
uses, general, 24-25

Vasodilators,
mitral regurgitation, use In, 96-97,98
use for controlled hypotension, 50

· use In heart failure, 59-62
· use in hypertension, 37
· uses, general, 23-24
Vecuronlum,

haemodynamlc effects, 16
· kinetics In liver dysfunction, 394
· kinetics In renal failure, 371
· kinetics & dynamics, 603
· T1I2Keo of, 586
Ventilation, controlled,

baroreflex dysfunction and, 346-347
· cardiac output and, 479
· liver function and, 384
· renal function and, 359
Ventilation, spontaneous hyperventilation, car
diac output and, 479



Ventricular arrhythmias, myocardial Ischaemia
and, 71
Ventricular asystole, 143·144
Ventricular extrasystoles, 141
Ventricular fibrillation threshold, acid-base disor
ders and, 490
Ventricular flutterlfibrillation, 142-143
Ventricular septal defect (VSD), 113
Ventricular tachycardia, 142
Ventricular volume, left,

aortic regurgitation and, 110
- mitral prolapse and, 101
- mitral regurgitation and, 95
Verapamil,
- kinetics and dosage, 126
- uses and effects, 127
Vital capacity,
- expiratory, 163,165
- relation to risk of oxygen Induced respiratory

depression, 199-200
Vitamln-K1, reversal of oral anticoagulants with,
248
Vomiting,

and nausea, anaesthetic drugs and, 412
and nausea, causes,412~13
and nausea, cytotoxic drugs, management of,
414
and nausea, drugs used for, 413
and nausea, management, 413~14
and nausea, motion sickness, management of,
414
and nausea, postoperative management of,
413~14

neurological centers concerned, 41O~11
neurotransmitters and receptors, 410
perioperative problems due to, 411

Warfarin, dose and duration of effect, 247
Washed red cells, for blood transfusion, 559
Wenkebach rhythm, 139
Whole blood, use for transfusion, 558-559
Wolff-Parkinson-White rhythm, 136-138
Wolff-Parkinson-White rhythm, digoxin and,
137,138

Xanthines, phosphodiesterase inhibition and sig
nificance of, 195
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