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Sir Stanley Davidson (1894-1981)

This famous textbook was the brainchild of one of the great Professors of
Medicine of the 20th century. Stanley Davidson was born in Sri Lanka and
began his medical undergraduate training at Trinity College, Cambridge;
this was interrupted by World War | and later resumed in Edinburgh. He
was seriously wounded in battle, and the carnage and shocking waste of
young life that he encountered at that time had a profound effect on his
subsequent attitudes and values.

In 1930 Stanley Davidson was appointed Professor of Medicine at
the University of Aberdeen, one of the first full-time Chairs of Medicine
anywhere and the first in Scotland. In 1938 he took up the Chair of
Medicine at Edinburgh and was to remain in this post until retirement
in 1959. He was a renowned educator and a particularly gifted teacher
at the bedside, where he taught that everything had to be questioned
and explained. He personally gave most of the systematic lectures in
Medicine, which were made available as typewritten notes that empha-
sised the essentials and far surpassed any textbook available at the time.

Principles and Practice of Medicine was conceived in the late 1940s
with its origins in those lecture notes. The first edition, published in 1952,
was a masterpiece of clarity and uniformity of style. It was of modest
size and price, but sufficiently comprehensive and up to date to provide
students with the main elements of sound medical practice. Although
the format and presentation have seen many changes in 23 subsequent
editions, Sir Stanley’s original vision and objectives remain. More than
half a century after its first publication, his book continues to inform and
educate students, doctors and health professionals all over the world.
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Well over 2.5 million copies of Davidson’s Principles and Practice of
Medicine have been sold since it was first published in 1952. Now in
its 24th Edition, Davidson’s is regarded as a ‘must-have’ textbook for
thousands of medical students, doctors and health professionals across
the world, describing the pathophysiology and clinical features of the
most important conditions encountered in the major specialties of adult
medicine and explaining how to investigate, diagnose and manage
them. The book is the winner of numerous prizes and awards and has
been translated into many languages. Taking its origins from Sir Stanley
Davidson’s much-admired lecture notes, the book has endured because
it continues to keep pace with how modern medicine is taught and to
provide a wealth of information in an easy-to-read, concise and beauti-
fully illustrated format.

Davidson'’s strives to ensure that readers can not only recognise the
clinical features of a disease, but also understand the underlying causes.
To achieve this, each chapter begins with a summary of the relevant
pre-clinical science, linking pathophysiology with clinical presentation
and treatment so that students can use the book from the start of their
medical studies right through to their final examinations and beyond.

The regular introduction of new authors and editors is important for
maintaining freshness. On this occasion, 21 new authors have joined
our existing contributors to make up an outstanding team of authorities
in their respective fields. As well as recruiting authors from around the
globe, particularly for topics such as infectious diseases, HIV and enven-
omation, we welcome members from 10 countries on to our International
Advisory Board. These leading experts provide detailed comments that
are crucial to our revision of each new edition. A particularly important
aspect in planning the revision is for the editors to meet students and
faculty in medical schools in those countries where the book is most
widely read, so that we can respond to the feedback of our global read-
ership and their tutors. We use this feedback, along with the information
we gather via detailed student reviews and surveys, to craft each edition.
The authors, editors and publishing team aim to ensure that readers all
over the world are best served by a book that integrates medical science
with clinical medicine to convey key knowledge and practical advice in
an accessible and readable format. The amount of detail is tailored to the
needs of medical students working towards their final examinations, as
well as candidates preparing for Membership of the Royal Colleges of
Physicians (MRCP) or its equivalent.

With this new edition we have introduced several changes in both
structure and content. The opening eight chapters provide an account of
the principles of genetics, immunology, infectious diseases, population
health, oncology and pain management, along with a discussion of the
core principles behind clinical decision-making and good prescribing.

Preface

Subsequent chapters discuss medical emergencies in poisoning, enven-
omation and medicine in austere environments, while common presenta-
tions in acute medicine, including recognition and management of the
critically ill patient, are also addressed. The disease-specific chapters
that follow cover the major medical specialties, each one thoroughly
revised and updated to ensure that readers have access to the ‘cutting
edge’ of medical knowledge and practice. As we publish the 24th edi-
tion, the world is in the grip of the COVID-19 pandemic and while our
knowledge of virology, epidemiology, clinical impact and management
of SARS-CoV-2 is still evolving, we have dedicated a new section on
core aspects of this hugely important topic in Chapter 13, but also in
Chapter 6 and, as appropriate, elsewhere throughout the book.

The innovations introduced in recent editions have been maintained
and, in many cases, developed. The highly popular ‘Clinical Examination’
overviews have been extended and updated. The ‘Presenting Problems’
sections continue to provide an invaluable overview of the most common
presentations in each disease area. The ‘Emergency’ and ‘Practice Point’
boxes have been retained along with the ‘In Old Age’, ‘In Pregnancy’
and ‘In Adolescence’ boxes, which emphasise key practical points in
the presentation and management of the older adult, women with medi-
cal disorders who are pregnant or planning pregnancy, and adolescents
transitioning between paediatric and adult services.

Education is achieved by assimilating information from many sources
and readers of this book can enhance their learning experience by using
several complementary resources. We developed a self-testing compan-
ion book entitled Davidson’s Assessment in Medicine, containing over
1250 multiple choice questions specifically tailored to the contents of
Davidson'’s for the 23rd edition and have added more new online MCQs
to accompany this edition. The long-standing association of Davidson’s
with its sister books, Macleod’s Clinical Examination and Principles and
Practice of Surgery, still holds good. Our ‘family’ has also expanded with
the publication of Davidson’s Essentials of Medicine, a pocket-sized
version of the main text, now in its 3rd edition; and Macleod’s Clinical
Diagnosis, which describes a systematic approach to the differential
diagnosis of symptoms and signs. We congratulate the editors and
authors of these books for continuing the tradition of easily digested and
expertly illustrated texts.

We all take immense pride in continuing the great tradition first estab-
lished by Sir Stanley Davidson and in producing an outstanding book for
the next generation of doctors.

IDP, SHR, MWJS, RPH
Edinburgh 2022
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The opening chapters of the book, making up Part 1 on ‘Fundamentals
of Medicine’, provide an account of the principles of genetics, immunol-
ogy, infectious diseases and population health, oncology and pain man-
agement, along with a discussion of the core principles behind clinical
decision-making and good prescribing. Subsequent chapters in Part 2,
‘Emergency and Critical Care Medicine’, discuss medical emergencies
in poisoning, envenomation and medicine in austere environments, while
Chapter 9 explores common presentations in acute medicine, as well
as the recognition and management of the critically ill. The third part,
‘Clinical Medicine’, is devoted to the major medical specialties. Each
chapter has been written by experts in the field to provide the level of
detail expected of trainees in their discipline. To maintain the book’s virtue
of being concise, care has been taken to avoid unnecessary duplication
between chapters.

The system-based chapters in Part 3 follow a standard format, begin-
ning with an overview of the relevant aspects of clinical examination,
followed by an account of functional anatomy, physiology and investi-
gations, then the common presentations of disease, and details of the
individual diseases and treatments relevant to that system. In chapters
that describe the immunological, cellular and molecular basis of disease,
this problem-based approach brings the close links between modern
medical science and clinical practice into sharp focus.

The methods used to present information are described below.

Clinical examination overviews

The value of good clinical skills is highlighted by a two-page overview
of the important elements of the clinical examination at the beginning
of most chapters. The left-hand page includes a mannikin to illustrate
key steps in examination of the relevant system, beginning with simple
observations and progressing in a logical sequence around the body.
The right-hand page expands on selected themes and includes tips on
examination technique and interpretation of physical signs. These over-
views are intended to act as an aide-mémoire and not as a replacement
for a detailed text on clinical examination, as provided in our sister title,
Macleod'’s Clinical Examination.

Presenting problems

Medical students and junior doctors must not only assimilate a great many
facts about various disorders, but also develop an analytical approach to
formulating a differential diagnosis and a plan of investigation for patients
who present with particular symptoms or signs. In Davidson’s this is
addressed by incorporating a ‘Presenting Problems’ section into all rel-
evant chapters. Nearly 250 presentations are included, which represent
the most common reasons for referral to each medical specialty.

Introduction

Boxes are a popular way of presenting information and are particularly
useful for revision. They are classified by the type of information they
contain, using specific symbols.

i General Information

These include causes, clinical features, investigations, treatments and
other useful information.

Yf Practice Point

There are many practical skills that students and doctors must master.
These vary from inserting a nasogastric tube to reading an ECG or X-ray,
or interpreting investigations such as arterial blood gases or thyroid func-
tion tests. ‘Practice Point’ boxes provide straightforward guidance on
how these and many other skills can be acquired and applied.

I.JI]:I Emergency

These boxes describe the management of many of the most common
emergencies in medicine.

ﬁ In 0/d Age

Life expectancy is increasing in many countries and older people are
the chief users of health care. While they contract the same diseases
as those who are younger, there are often important differences in the
way they present and how they are best managed. Chapter 34, ‘Ageing
and disease’, concentrates on the principles of managing the frailest
group, who suffer from multiple comorbidity and disability, and who tend
to present with non-specific problems such as falls or delirium. Many
older people, though, also suffer from specific single-organ pathology. ‘In
Old Age’ boxes are thus included in each chapter and describe common
presentations, implications of physiological changes of ageing, effects of
age on investigations, problems of treatment in old age, and the benefits
and risks of intervention in older people.

@ In Pregnancy

Many conditions are different in the context of pregnancy, while some
arise only during or shortly after pregnancy. Particular care must be taken
with investigations (for example, to avoid radiation exposure to the fetus)
and treatment (to avoid the use of drugs that harm the fetus). These
issues are highlighted by ‘In Pregnancy’ boxes distributed throughout the
book, which complement Chapter 32, ‘Maternal medicine’.
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ﬁﬂrﬂ] In Adolescence

Although paediatric medicine is not covered in Davidson’s, many chronic
disorders begin in childhood, and physicians who look after adults
often contribute to multidisciplinary teams that manage young patients
‘in transition’ between paediatric and adult health-care services. This group
of patients often presents a particular challenge, due to the physiological
and psychological changes that occur in adolescence, and which can
have a major impact on the disease and its management. Adolescents
can be encouraged to take over responsibility from their parents/carers in
managing their disease, but are naturally rebellious and often struggle to
adhere to the impositions of chronic treatment. Chapter 33, ‘Adolescent
and transition medicine’, highlights these issues, alongside the ‘In
Adolescence’ boxes that appear in relevant chapters.

Terminology

The recommended International Non-proprietary Names (INNs) are used
for all drugs, with the exception of adrenaline and noradrenaline. British
spellings have been retained for drug classes and groups (e.g. amphet-
amines not amfetamines).

Units of measurement

The International System of Units (SI units) is the recommended means
of presentation for laboratory data and has been used throughout
Davidson’s. We recognise, however, that many laboratories around

the world continue to provide data in non-Sl units, so these have been
included in the text for the commonly measured analytes. Both S| and
non-SI units are also given in Chapter 35, which describes the reference
ranges used in laboratories in Edinburgh. It is important to appreciate that
these reference ranges may vary from those used in other laboratories.

Finding what you are looking for

A contents list is given on the opening page of each chapter. In addi-
tion, the book contains cross-references to help readers find their way
around, along with an extensive index. A list of up-to-date reviews and
useful websites with links to management guidelines appears at the end
of each chapter.

Giving us your feedback

The Editors and Publisher hope that you will find this edition of
Davidson’s informative and easy to use. We would be delighted to
hear from you if you have any comments or suggestions to make
for future editions of the book. Please contact us by e-mail at:
davidson.feedback@elsevier.com. All comments received will be
much appreciated and will be considered by the editorial team.
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Introduction

A great deal of knowledge and skill is required to practise as a doctor.
Physicians in the 21st century need to have a comprehensive knowl-
edge of basic and clinical sciences, have good communication skills, be
able to perform procedures, work effectively in a team and demonstrate
professional and ethical behaviour. But how doctors think, reason and
make decisions is arguably their most critical skill. Knowledge is neces-
sary, but not sufficient on its own for good performance and safe care.
This chapter describes the principles of clinical decision-making, also
known as ‘clinical reasoning’.

The problem of diagnostic error

It is estimated that diagnosis is wrong 10%-15% of the time in spe-
cialties such as emergency medicine, internal medicine and general
practice. Diagnostic error is associated with greater morbidity than other
types of medical error, and the majority is considered to be preventable.
For every diagnostic error there are usually several root causes. Studies
identify three main categories, shown in Box 1.1. However, ‘human cog-
nitive error’ appears to play a significant role in the majority of diagnostic
errors.

Human cognitive error occurs when the clinician has all the information
necessary to make the diagnosis, but then makes the wrong diagnosis.
Why does this happen? Three main reasons have been identified:

e knowledge gaps
e misinterpretation of diagnostic tests
e cognitive biases.

Examples of errors in these three categories are shown in Box 1.2.
Clearly, clinical knowledge is required for sound clinical reasoning, and
an incomplete knowledge base or inadequate experience can lead to
diagnostic error. However, this chapter will focus on some other aspects
of knowledge that are important for effective clinical reasoning, including
use and interpretation of diagnostic tests, cognitive biases and human
factors.

Clinical reasoning: definitions

‘Clinical reasoning’ describes the thinking and decision-making processes
associated with clinical practice. Our understanding of clinical reason-
ing derives from the fields of education, cognitive psychology, studies of
expertise and the diagnostic error and health systems literature.

Clinical reasoning can be conceptualised as a process with different
components, each requiring specific knowledge, skills and behaviours.

| 1.1 Root causes of diagnostic error in studies

Error category
No fault

Examples

Unusual presentation of a disease
Missing information

Inadequate diagnostic support

Results not available

Error-prone processes

Poor supervision of inexperienced staff
Poor team communication

System error

Human cognitive error Inadequate data-gathering

Errors in reasoning

Adapted from Graber M, Gordon R, Franklin N. Reducing diagnostic errors in medicine: what is
the goal? Acad Med 2002; 77:981-992.

-
| 1.2 Reasons for errors in clinical reasoning

Source of error Examples

Telling a patient she cannot have
biliary colic because she has had her
gallbladder removed — gallstones can
form in the bile ducts in patients who
have had a cholecystectomy

Deciding a patient has not had a
stroke because his brain scan is
normal — computed tomography and
even magnetic resonance imaging,
especially when performed early, may
not identify an infarct

Accepting a diagnosis handed over
to you without question (the ‘framing
effect’) instead of asking yourself
‘What is the evidence that supports
this diagnosis?’

Knowledge gaps

Misinterpretation of diagnostic
tests

Cognitive biases

The UK Clinical Reasoning in Medical Education group (see ‘Further
information’) broadly lists these components as:

e history and physical examination

e use and interpretation of diagnostic tests
* problem identification and management
e shared decision-making.

Not all of these components are necessary for effective clinical rea-
soning and they do not necessarily happen in this order. They also occur
in contexts that impact on decision-making, which will be explored later.
Underpinning all of this is formal and experiential knowledge of basic
sciences and clinical medicine. The knowledge required for effective clin-
ical reasoning includes factual knowledge, but also conceptual knowl-
edge (how things fit together) as well as procedural knowledge (how
to do something, what techniques to use) plus an awareness of and
an ability to think about one’s own thinking (also known as metacogni-
tive knowledge). This is where an understanding of cognitive biases and
human factors is important.

Fig. 1.1 shows the key components involved in clinical reasoning that
will be explored further in this chapter.

History and physical examination

Even with major advances in medical technology, the history remains
the most important part of the clinical decision-making process. Studies
show that physicians make a diagnosis in 70%-90% of cases from the
history alone. It is important to remember that the history is explored
not only with the patient, but also (and with consent if required) from all
available sources if necessary: for example, paramedic and emergency
department notes, eye-witnesses, relatives and/or carers.

However, clinicians need to be aware of the diagnostic usefulness of
clinical features in the history and physical examination. For example,
students are often taught that meningitis classically presents with the
following features:

® headache

o fever

* meningism (photophobia, neck stiffness and other signs of menin-
geal irritation, such as Kernig’s and Brudzinski’s signs).

However, knowing the frequency with which patients present with
certain features and the diagnostic weight of each feature are impor-
tant in clinical decision-making. Many patients with meningitis do not
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Fig. 1.1 Elements of clinical reasoning.
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have classical signs of meningism and the clinical presentation varies
among different patient populations and in different parts of the world.
In one prospective study conducted in the United States, nearly all adult
patients with meningitis had headache and a fever, but less than half
had neck stiffness on examination and only 5% of patients had Kernig’s
and Brudzinski’s signs. All three signs had a likelihood ratio of around 1,
meaning their presence or absence was of little use in deciding whether
a patient had meningitis or not (Fig. 1.2).

Likelihood ratios (LR) are clinical diagnostic weights. An LR of greater
than 1 increases the probability of disease (the higher the value, the
greater the probability). Similarly, an LR of less than 1 decreases the
probability of disease. LRs are developed against a diagnostic standard
(in the case of meningitis, lumbar puncture results), so do not exist for all
clinical findings. LRs illustrate how an individual clinical finding changes
the probability of a disease. For example, in a person presenting with
headache and fever, the clinical finding of neck stiffness may carry little
weight in deciding whether to perform a lumbar puncture because LRs
do not determine the prior probability of disease; they reflect only how a
single clinical finding changes it. Clinicians have to take all the available
information from the history and physical examination into account. If
the overall clinical probability is high to begin with, a clinical finding with
an LR of around 1 does not change this.

‘Evidence-based history and examination’ is a term used to describe
how clinicians incorporate knowledge about the prevalence and diag-
nostic weight of clinical findings into their decision-making. In studies,
students who are taught the probabilities of features being present in
specific diseases rather than lists of features have better diagnostic
accuracy. This is improved further by understanding the basic science
explanation for symptoms and signs: bedside signs of meningism iden-
tify patients with severe meningeal inflammation but do not pick up those
with early or mild inflammation.

Evidence-based history and examination is important because esti-
mating the clinical (pre-test) probability is vital not only for diagnostic
accuracy, but also in the use and interpretation of diagnostic tests.

Use and interpretation of diagnostic tests

There is no such thing as a perfect diagnostic test. Test results give us
test probabilities, not real probabilities. Test results have to be interpreted
because they are affected by the following:

Use and interpretation of diagnostic tests ¢ 3

Infinity .
il Change in
— probability
ol of disease
10 == +45%
Increase
probability 5 = 4 30%
2 >+ 15%
No chanige <== =l ~ No change
Kernig’s sign
Brudzinski’s sign
Nuchal rigidity 05 - _15%
Decrease 0.2 > —30%
probability
0.1 |===-45%
"~ Zero

Fig. 1.2 Likelihood ratio (LR) of Kernig’s sign, Brudzinski’s sign and nuchal
rigidity in the clinical diagnosis of meningitis.

_ probability of finding in patients with disease
probability of finding in patients without disease

LRs are also used for diagnostic tests; here a physical examination finding can be
considered a diagnostic test. Data from Thomas KE, Hasbun R, Jekel J, et al. The
diagnostic accuracy of Kernig’s sign, Brudzinski’s sign, and nuchal rigidity in adults
with suspected meningitis. Clin Infect Dis 2002; 35:46-52.

® how ‘normal’ is defined

e factors other than disease

e operating characteristics

e sensitivity and specificity

e prevalence of disease in the population.

Normal values

Most tests provide quantitative results (i.e. a value on a continuous
numerical scale). In order to classify quantitative results as normal or
abnormal, it is necessary to define a cut-off point. Many quantitative
measurements in populations have a Gaussian or ‘normal’ distribution.
By convention, the normal range is defined as those values that encom-
pass 95% of the population, or 2 standard deviations above and below
the mean. This means that 2.5% of the normal population will have
values above, and 2.5% will have values below the normal range. For this
reason, it is more appropriate to talk about the ‘reference range’ rather
than the ‘normal range’ (Fig. 1.3).

Test results in abnormal populations also have a Gaussian distribution,
with a different mean and standard deviation. In some diseases there is
no overlap between results from the abnormal and normal population.
However, in many diseases there is overlap; in these circumstances, the
greater the difference between the test result and the limits of the refer-
ence range, the higher the chance that the person has the disease.

However, there are also situations in medicine when ‘normal’ is abnor-
mal and ‘abnormal’ is normal. For example, in the context of a severe
asthma attack a ‘normal’ PaCO, is abnormal and means the patient has
life-threatening asthma. Conversely, a low ferritin in a young menstruating
woman is not considered to be abnormal at all.

Laboratory results (e.g. cholesterol, thyroid-stimulating hormone) also
vary from day to day in the same person in the absence of a real change
because of biological variation and laboratory variation. The extent to
which a blood test is allowed to vary before it has truly changed is called
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Fig. 1.3 Normal distribution and reference range. For many tests, the frequency
distribution of results in the normal healthy population (red line) is a symmetrical
bell-shaped curve. The mean +2 standard deviations (SD) encompasses 95% of the
normal population and usually defines the ‘reference range’; 2.5% of the normal
population have values above, and 2.5% below, this range (shaded areas). For some
diseases (blue line), test results overlap with the normal population or even with the
reference range. For other diseases (green line), tests may be more reliable because
there is no overlap between the normal and abnormal population.

the ‘critical difference’. The critical difference is different for each test,
and can be high — 17% in the case of cholesterol and higher for some
other tests.

Factors other than disease that influence test
results

A number of factors other than disease influence test results:

e age
e ethnicity

® pregnancy

* sex

e spurious (in vitro) results.

Box 1.3 gives some examples.
Operating characteristics

Tests are also subject to operating characteristics. This refers to the
way the test is performed. Patients need to be able to comply fully with
some tests, such as spirometry (p. 501), and if they cannot, the test
result will be affected. Some tests are very dependent on the skill of
the operator and are also affected by the patient's body habitus and
clinical state; ultrasound of the heart and abdomen are examples. A
common mistake is when doctors refer to a test result as ‘no abnor-
mality detected’ when, in fact, the report describes a technically diffi-
cult and incomplete scan that should more accurately be described as
‘non-diagnostic’.

Some conditions are paroxysmal. For example, around half of patients
with epilepsy have a normal standard electroencephalogram (EEG). A
normal EEG therefore does not exclude epilepsy. On the other hand,
around 10% of patients who do not have epilepsy have epileptiform
discharges on their EEG. This is referred to as an ‘incidental finding’.
Incidental findings are common in medicine, and are increasing in inci-
dence with the greater availability of more sensitive tests. Test results
should always be interpreted in the light of the patient’s history and phys-
ical examination.

Sensitivity and specificity

Diagnostic tests have characteristics termed ‘sensitivity’ and ‘specificity’.
Sensitivity is the ability to detect true positives; specificity is the ability to

Factor Examples

Age Creatinine is lower in old age (due to
relatively lower muscle mass) — an older
person can have a significantly reduced
eGFR with a ‘normal’ creatinine

' Ethnicity Healthy people of African ancestry have

lower white cell counts

Pregnancy Several tests are affected by late
pregnancy, due to the effects of a growing
fetus, including:

Reduced urea and creatinine
(haemodilution)

Iron deficiency anaemia (increased
demand)

Increased alkaline phosphatase (produced
by the placenta)

Raised D-dimer (physiological changes in
the coagulation system)

Mild respiratory alkalosis (physiological
maternal hyperventilation)

ECG changes (tachycardia, left axis
deviation)

Sex Males and females have different reference |
ranges for many tests, e.g. haemoglobin

' Spurious (in vitro) results A spurious high potassium is seen
in haemolysis and in thrombocytosis

(‘pseudohyperkalaemia’) !

(ECG = electrocardiogram; eGFR = estimated glomerular filtration rate, a better estimate of renal
function than creatinine)

detect true negatives. Even a very good test, with 95% sensitivity, will
miss 1 in 20 people with the disease. Every test therefore generates
‘false positives’ and ‘false negatives’ (Box 1.4).

A very sensitive test will detect most disease but may generate abnor-
mal findings in healthy people. A negative result will therefore reliably
exclude disease but a positive result does not mean the disease is pres-
ent — it means further evaluation is required. On the other hand, a very
specific test may miss significant pathology but is likely to establish the
diagnosis beyond doubt when the result is positive. All tests differ in their
sensitivity and specificity, and clinicians require a working knowledge of
the tests they use in order to accurately interpret them.

In choosing how a test is used to guide decision-making there is a
trade-off between sensitivity versus specificity. For example, defining
an exercise electrocardiogram (p. 393) as abnormal if there is at least
0.5mm of ST depression would ensure that very few cases of coronary
artery disease are missed but would generate many false-positive results
(high sensitivity, low specificity). On the other hand, a cut-off point of
2.0mm of ST depression would detect most cases of important coronary
artery disease with far fewer false positives. This trade-off is calculated
using the receiver operating characteristic curve of the test (Fig. 1.4).

An extremely important concept in clinical decision-making is this: the
probability that a person has a disease depends on the pre-test proba-
bility, and the sensitivity and specificity of the test. For example, imagine
an older woman has fallen and hurt her left hip. On examination, the hip is
extremely painful to move and she cannot stand. However, her hip X-rays
are normal. Does she have a fracture?

The sensitivity of plain X-rays of the hip performed in the emergency
department for suspected hip fracture is around 95%. A small percent-
age of fractures are therefore missed. If our patient has (or is at risk of)
osteoporosis, has severe pain on hip movement and cannot bear weight
on the affected side, then the clinical probability of hip fracture is high. If,
on the other hand, she is unlikely to have osteoporosis, has no pain on



| 1.4 Sensitivity and specificity

Disease No disease
Positive test A (True positive) B (False positive)
Negative test C (False negative) D (True negative)
Sensitivity = A/(A+C) x 100
Specificity = D/(D+B) x 100
1.0
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Fig. 1.4 Receiver operating characteristic graph illustrating the trade-off
between sensitivity and specificity for a given test. The curve is generated by
‘adjusting’ the cut-off values defining normal and abnormal results, calculating the
effect on sensitivity and specificity and then plotting these against each other. The
closer the curve lies to the top left-hand corner, the more useful the test. The red line
illustrates a test with useful discriminant value and the green line illustrates a less
useful, poorly discriminant test.

hip movement and is able to bear weight, then the clinical probability of
hip fracture is low.

Doctors are continually making judgements about whether something is
true, given that something else is true. This is known as ‘conditional prob-
ability’. Bayes’ Theorem (named after English clergyman Thomas Bayes,
1702-1761) is a mathematical way to describe the post-test probability
of a disease by combining pre-test probability, sensitivity and specificity.
In clinical practice, doctors are not able to make complex mathematical
calculations for every decision they make. In practical terms, the answer
to the question of whether there is a fracture is that in a high-probability
patient a normal test result does not exclude it, but in a low-probability
patient it (virtually) does. This principle is illustrated in Fig. 1.5.

Sox and colleagues (see ‘Further information’) state a fundamental
assertion, which they describe as a profound and subtle principle of clin-
ical medicine: the interpretation of new information depends on what you
believed beforehand. In other words, the interpretation of a test resuilt
depends on the probability of disease before the test.

Prevalence of disease

Consider this problem that was posed to a group of Harvard doctors.
The problem originates from a 1978 article in the New England Journal
of Medicine (Casscells et al, see ‘Further information’): if a test to detect
a disease whose prevalence is 1:1000 has a false-positive rate of 5%,
what is the chance that a person found to have a positive result actually
has the disease, assuming you know nothing about the person’s symp-
toms and signs? Assume the test generates no false negatives and take
a moment to work this out. In this problem, we have removed clinical
probability and are only considering prevalence. The answer is at the end
of the chapter (p. 11).

Predictive values combine sensitivity, specificity and prevalence.
Sensitivity and specificity are characteristics of the test; the population

Problem representation ¢ 5

does not change this. However, as doctors, we are interested in the
question, ‘What is the probability that a person with a positive test actu-
ally has the disease?’ This is illustrated in Box 1.5.

Post-test probability and predictive values are different. Post-test
probability is the probability of a disease after taking into account new
information from a test result. Bayes’ Theorem can be used to calculate
post-test probability for a patient in any population. The pre-test prob-
ability of disease is decided by the doctor; it is a judgement based on
information gathered prior to ordering the test. Predictive value is the
proportion of patients with a test result who have the disease (or no
disease) and is calculated from a table of results in a specific population
(see Box 1.5). It is not possible to transfer this value to a different popula-
tion. This is important to realise because published information about the
performance of diagnostic tests may not apply to different populations.

In deciding the pre-test probability of disease, clinicians often neglect
to take prevalence into account and this distorts their estimate of proba-
bility. To estimate the probability of disease in a patient more accurately,
clinicians should anchor on the prevalence of disease in the subgroup to
which the patient belongs and then adjust to take the individual factors
into account.

Dealing with uncertainty

Clinical findings are imperfect and diagnostic tests are imperfect. It is
important to recognise that clinicians frequently deal with uncertainty. By
expressing uncertainty as probability, new information from diagnostic
tests can be incorporated more accurately. However, subjective estimates
of probability can sometimes be unreliable. As the section on cognitive
biases will demonstrate (see below), intuition can be a source of error.

Knowing the patient’s true state is often unnecessary in clinical deci-
sion-making. Sox and colleagues (see ‘Further information’) argue that
there is a difference between knowing that a disease is present and act-
ing as if it were present. The requirement for diagnostic certainty depends
on the penalty for being wrong. Different situations require different levels
of certainty before starting treatment. How we communicate uncertainty
to patients will be discussed later in this chapter (see Fig. 1.9).

The ‘treatment threshold’ combines factors such as the risks of the
test, and the risks versus benefits of treatment. The point at which the
factors are all evenly weighed is the threshold. If a test or treatment for
a disease is effective and low risk (e.g. giving antibiotics for a suspected
urinary tract infection), then there is a lower threshold for going ahead.
On the other hand, if a test or treatment is less effective or high risk
(e.g. starting chemotherapy for a malignant brain tumour), then greater
confidence is required in the clinical diagnosis and potential benefits of
treatment first. In principle, if a diagnostic test will not change the man-
agement of the patient, then careful consideration should be given to
whether it is necessary to do the test at all.

In summary, test results shift our thinking, but rarely give a ‘yes’ or a
‘no’ answer in terms of a diagnosis. Sometimes tests shift the probability
of disease by less than we realise. Pre-test probability is key, and this
is derived from the history and physical examination, combined with a
sound knowledge of medicine and an understanding of the prevalence
of disease in the particular care setting or the population to which the
patient belongs.

Problem representation

Many students are taught to formulate a differential diagnosis after the
history, physical examination and initial test results, but the ability to
accurately articulate a ‘problem representation’ (or problem list) first and
then construct a prioritised differential diagnosis based on this, including
relevant ‘must-not-miss’ diagnoses, is a key step in the clinical reasoning
process. A problem representation refers to how information about a
problem is mentally organised. Studies show that expert clinicians spend
far more time on defining a problem before trying to solve it compared

| with novices, and novices are more likely to be unsuccessful in solving
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Fig. 1.5 The interpretation of a test result depends on the probability of the disease before the test is carried out. In the example shown, the test being carried out
has a sensitivity of 95% and a specificity of 85%. Patient A has very characteristic clinical findings, which make the pre-test probability of the condition for which the test

is being used very high — estimated as 90%. Patient B has more equivocal findings, such that the pre-test probability is estimated as only 50%. If the result in Patient A is
negative, there is still a significant chance that he has the condition for which he is being tested; in Patient B, however, a negative result makes the diagnosis very unlikely.

1.5 Predictive values: ‘What is the probability that a person with

a positive test actually has the disease?’

Disease No disease
Positive test A (True positive) B (False positive)
Negative test C (False negative) D (True negative)

Positive predictive value = A/(A+B) x 100
Negative predictive value = D/(D+C) x 100

a problem because they have not accurately represented the problem
in the first place. The ability to synthesise all the available information
and encapsulate it into a problem representation using precise medical
language is an important skill that helps to organise and retrieve knowl-
edge from long-term memory relevant to the case and is associated with
significantly higher diagnostic accuracy, particularly in complex cases
(Bordage, 1994; see ‘Further information’).

Formulating a problem representation (e.g. a 30-year-old pregnant
woman with acute left-sided pleuritic chest pain and breathlessness) or a
problem list (e.g. persistent vomiting, hypokalaemia, acute kidney injury),
not only helps to organise and retrieve knowledge relevant to the case
which helps in diagnosis, it also helps to formulate an action plan while
further information is being gathered when a diagnosis is not yet possible.

Cognitive biases

Advances in cognitive psychology in recent decades have demonstrated
that human thinking and decision-making are prone to error. Cognitive
biases are subconscious errors that lead to inaccurate judgement and
illogical interpretation of information. They are prevalent in everyday life;
as the famous saying goes, ‘to err is human’.

Take a few moments to look at this simple puzzle. Do not try to solve
it mathematically but listen to your intuition:

A bat and ball cost £1.10.
The bat costs £1 more than the ball.
How much does the ball cost?

The answer is at the end of the chapter. Most people get the answer
to this puzzle wrong — even though they have all the knowledge and
experience they need to solve this problem. Why? British psychologist
and patient safety pioneer James Reason said that, ‘Our propensity

for certain types of error is the price we pay for the brain’s remarkable
ability to think and act intuitively — to sift quickly through the sensory
information that constantly bombards us without wasting time trying to
work through every situation anew.’” This property of human thinking is
highly relevant to clinical decision-making.

Type 1 and type 2 thinking

Decades of studies in cognitive psychology and, more recently, func-
tional magnetic resonance imaging demonstrate two distinct types of
processes when it comes to decision-making: humans have a fast, intu-
itive, pattern-recognising way of thinking which uses little cognitive effort
(known as type 1 thinking) and a more deliberate, analytical one which
engages our working memory (known as type 2 thinking). This is known
as ‘dual process theory’ and Box 1.6 explains this in more detail.

Psychologists estimate that we spend 95% of our daily lives engaged in
type 1 thinking — the intuitive, fast, subconscious mode of decision-mak-
ing. Imagine driving a car, for example: it would be impossible to function
efficiently if every decision and movement were as deliberate, conscious,
slow and effortful as in our first driving lesson. With experience, complex
procedures become automatic, fast and effortless. The same applies to
medical practice. There is evidence that expert decision-making is well
served by intuitive thinking. The problem is that although intuitive process-
ing is highly efficient in many circumstances, in others it is prone to error.

Clinicians use both type 1 and type 2 thinking, and both types are
important in clinical decision-making. When encountering a problem
that is familiar, clinicians employ pattern recognition and reach a work-
ing diagnosis or differential diagnosis quickly (type 1 thinking). When
encountering a problem that is more complicated, they use a slower,
systematic approach (type 2 thinking). Both types of thinking interplay —
they are not mutually exclusive in the diagnostic process. Fig. 1.6 illus-
trates the interplay between type 1 and type 2 thinking in clinical practice.

Errors can occur in both type 1 and type 2 thinking. For example,
people can apply the wrong rules or make errors in their application while
using type 2 thinking. However, it has been argued that the common
cognitive biases encountered in medicine tend to occur when clinicians
are engaged in type 1 thinking.

For example, imagine being asked to see a young woman who is
drowsy. She is handed over to you as a ‘probable overdose’ because she
has a history of depression and a packet of painkillers was found beside
her at home. Her observations show she has a Glasgow Coma Scale
score of 10/15, heart rate 100 beats/min, blood pressure 100/60 mmHg,
respiratory rate 14 breaths/min, oxygen saturations 98% on air and tem-
perature 37.5°C. Already your mind has reached a working diagnosis.
It fits a pattern (type 1 thinking). You think she has taken an overdose. At



| 1.6 Type 1 and type 2 thinking

Type 1 Type 2

Intuitive, heuristic (pattern
recognition)

Analytical, systematic

Automatic, subconscious Deliberate, conscious

Fast, effortless
Low/variable reliability

Slow, effortful
High/consistent reliability

Vulnerable to error Less prone to error

Highly affected by context Less affected by context

Low emotional involvement
High scientific rigour

High emotional involvement

Low scientific rigour

this point you can stop to think about your thinking (rational override in
Fig. 1.6): ‘What is the evidence for this diagnosis? What else could it be?’

On the other hand, imagine being asked to assess a patient who has
been admitted with syncope. There are several different causes of syn-
cope and a systematic approach is required to reach a diagnosis (type 2
thinking). However, you recently heard about a case of syncope due to a
painless leaking abdominal aortic aneurysm. At the end of your assess-
ment, following evidence-based guidelines, it is clear the patient can be
discharged. Despite this, you decide to observe the patient overnight
just in case (irrational override in Fig. 1.6). In this example, your intuition
is actually ‘availability bias’ (when things are at the forefront of your mind)
which has significantly distorted your estimate of probability.

Common cognitive biases in medicine

Figure 1.7 illustrates the common cognitive biases prevalent in medical
practice. Biases often work together; for example, in overconfidence bias
(the tendency to believe we know more than we actually do), too much
faith is placed in opinion instead of gathered evidence. This bias can be
augmented by the availability bias and finally by commission bias (the
tendency towards action rather than inaction) — sometimes with disas-
trous results.

The mark of a well-calibrated thinker is the ability to recognise what
mode of thinking is being employed and to anticipate and recognise situ-
ations in which cognitive biases and errors are more likely to occur.

Experiehce
Context

Cognitive biases ¢ 7

Thinking about thinking

Research has highlighted the importance of being aware of and being
able to think about one’s own thinking (also known as metacognition).
Several studies have demonstrated that engaging in reflection during
diagnostic decision-making improves performance (Prakash et al, see
‘Further information’). This can be as simple as asking, ‘What is the
evidence for this diagnosis? What else could it be?’ Reflection is most
effective when the case is more complex (relative to the clinician).

Some people have a natural tendency to look for evidence, weigh
things up, be aware of context, not take things at face value, and think
about their own thinking. Others can learn to do so. Psychologists con-
sider this ‘reflective mind’ a subset of analytical type 2 thinking. The ten-
dency to engage in reflection during decision-making is independent of
knowledge and cognitive ability, and accounts for the greatest variation
in individual performance on many reasoning tasks.

With increasing knowledge and experience, intuitive type 1 think-
ing is used more; it is fast and highly accurate and commonly used
by experts. Novices cannot do this because they have not yet built
a database of patterns in their long-term memory, known as illness
scripts. Reflection interrupts type 1 processing, even briefly, to sim-
ulate alternatives. So as you can see, good decision-making relies
on knowledge and experience, but also the ability to ‘stop and think’
when needed. However, this requires cognitive effort (type 2 thinking),
which may be impaired by things like fatigue, interruptions and cog-
nitive overload.

Human factors

‘Human factors’ is the science of the limitations of human performance,
and how technology, the work environment and team communication can
adapt for this to reduce diagnostic and other types of error. Analysis of
serious adverse events in clinical practice shows that human factors and
poor team communication play a significant role when things go wrong.

Research shows that many errors are beyond an individual’s con-
scious control and are precipitated by many factors. The discipline of
human factors seeks to understand interactions between:

e people and tasks or technology
® people and their work environment
* people in a team.

Ambient conditions !

v

. Cognitive biases more likely

|

Rational |, Irrational,  Working
override / " override,/  diagnosis

1

: ' Type 1

Recognised | processes |

Clinical
presentation
Not ' Type 2
recognised processes
&
Education

Training

Logical competence!

Fig. 1.6 The interplay between type 1 and type 2 thinking in the diagnostic process. Adapted from Croskerry P. A universal model of diagnostic reasoning. Acad Med

2009; 84:1022-1028.
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Anchoring

The common human tendency

to rely too heavily on the first piece
of information offered (the
‘anchor’) when making decisions

Ascertainment bias

We sometimes see what we
expect to see (‘self-fulfilling
prophecy’). For example, a
frequent self-harmer attends the
emergency department with
drowsiness; everyone assumes he
has taken another overdose and
misses a brain injury

Availability bias

Things may be at the forefront of
your mind because you have seen
several cases recently or have
been studying that condition in
particular. For example, when one
of the authors worked in an
epilepsy clinic, all blackouts were
possible seizures

Base rate neglect

The tendency to ignore the
prevalence of a disease, which
then distorts Bayesian reasoning.
In some cases, clinicians do this
deliberately in order to rule out an
unlikely but worst-case scenario

Commission bias

The tendency towards action
rather than inaction, on the
assumption that good can come
only from doing something
(rather than ‘watching and
waiting’)

Confirmation bias

The tendency to look for
confirming evidence to support a
theory rather than looking for
disconfirming evidence to refute
it, even if the latter is clearly
present. Confirmation bias is
common when a patient has been
seen first by another doctor

Diagnostic momentum

Once a diagnostic label has been
attached to a patient (by the patient
or other health-care professionals),
it can gather momentum with each
review, leading others to exclude

other possibilities in their thinking

Framing effect

How a case is presented — for
example, in handover — can
generate bias in the listener. This
can be mitigated by always having
‘healthy scepticism’ about other
people’s diagnoses

Hindsight bias

Knowing the outcome may
profoundly influence the perception
of past events and decision-making,
preventing a realistic appraisal of
what actually occurred — a major
problem in learning from

diagnostic error

Omission bias

The tendency towards inaction,
rooted in the principle of ‘first, do
no harm.’ Events that occur through
natural progression of disease are
more acceptable than those that
may be attributed directly to the
action of the health-care team

Overconfidence bias

The tendency to believe we know
more than we actually do, placing
too much faith in opinion instead of
gathered evidence

Posterior probability

Our estimate of the likelihood of
disease may be unduly influenced
by what has gone on before for a
particular patient. For example, a
patient who has been extensively
investigated for headaches
presents with a severe headache,
and serious causes are discounted

Premature closure

The tendency to close the decision-
making process prematurely and
accept a diagnosis before it, and
other possibilities, have been fully
explored

Psych-out error

Psychiatric patients who present
with medical problems are under-
assessed, under-examined and
under-investigated because
problems are presumed to be due
to, or exacerbated by, their
psychiatric condition

Search satisficing

We may stop searching because we
have found something that fits or is
convenient, instead of
systematically looking for the best
alternative, which involves more
effort

Triage-cueing

Triage ensures patients are sent to
the right department. However, this
leads to ‘geography is destiny’. For
example, a diabetic ketoacidosis
patient with abdominal pain and
vomiting is sent to surgery. The
wrong location (surgical ward)
stops people thinking about
medical causes of abdominal pain

and vomiting

Unpacking principle

Failure to ‘unpack’ all the available
information may mean things are
missed. For example, if a thorough
history is not obtained from either
the patient or carers (a common
problem in geriatric medicine),
diagnostic possibilities may be
discounted

Visceral bias

The influence of either negative or
positive feelings towards patients,
which can affect our decision-
making

Fig. 1.7 Common cognitive biases in medicine. Adapted from Croskerry P. Achieving quality in clinical decision-making: cognitive strategies and detection of bias. Acad

Emerg Med 2002; 9:1184-1204.

An understanding of these interactions makes it easier for health-care
professionals, who are committed to ‘first, do no harm’, to work in the safest
way possible. For example, performance is adversely affected by factors
such as poorly designed processes and equipment, fatigue and poor com-
munication. So simple, clear processes, good design of equipment and
shift patterns, and clear team communication all help to minimise errors.

The areas of the brain required for type 2 processing are most affected
by things like fatigue and cognitive overload, and the brain reverts to
type 1 processing to conserve cognitive energy. Figure 1.8 illustrates
some of the internal and external factors that affect human judgement
and decision-making. An awareness of the factors that impact on
decision-making can allow clinicians to take steps to mitigate these.



Internal factors
Knowledge
Training
Beliefs and values
Emotions

Type 1 thinking/
conservation of
cognitive effort

Cognitive and
affective biases

Reducing errors in clinical decision-making ¢ 9

External factors
Interruptions
Cognitive overload
Time pressure
Ambient conditions

Sleep/fatigue
Stress
Physical illness
Personality type

Error

Insufficient data

Team factors
b Patient factors
/) Poor feedback

Fig. 1.8 Factors that affect our judgement and decision-making. (Type 1 thinking = fast, intuitive, subconscious, low effort)

Several studies demonstrate that we focus our attention to filter out
distractions. This is advantageous in many situations (for example, when
performing a procedure), but in focusing on what we are trying to see we
may not notice the unexpected. In a team context, what is obvious to
one person may be completely missed by someone else. Safe and effec-
tive team communication therefore requires us never to assume, and to
verbalise things, even though they may seem ‘obvious’.

Shared decision-making

Shared decision-making refers to the fact that clinical reasoning does
not necessarily take place solely within a clinician’s head. Good deci-
sion-making is often shared with patients, relatives and carers, within
teams, and by using guidelines, clinical prediction rules and other
decision aids. Integral to all of this is the ability to engage in optimal
decision-making behaviours: involving the patient and/or carers in the
diagnostic and management process, listening to others, following evi-
dence-based guidelines, asking for help when needed, and using clear
communication, especially when handing over care.

Patient-centred evidence-based medicine

‘Patient-centred evidence-based medicine’ refers to the application of
best available research evidence while taking individual patient factors
into account; these include both clinical and non-clinical factors (e.g.
the patient’s social circumstances, values and wishes). For example, a
95-year-old man with dementia and a recent gastrointestinal bleed is
admitted with an inferior myocardial infarction. He is clinically well. Should
he be treated with dual antiplatelet therapy and low-molecular-weight
heparin as recommended in clinical guidelines?

As this chapter has described, clinicians frequently deal with uncer-
tainty/probability. Clinicians need to be able to explain risks and benefits
of treatment in an accurate and understandable way. Providing the rel-
evant statistics is seldom sufficient to guide decision-making because a
patient’s perception of risk may be influenced by irrational factors as well
as individual values.

Research evidence provides statistics but these can be confusing.
Terms such as ‘common’ and ‘rare’ are nebulous. Whenever possible,
clinicians should quote numerical information using consistent denomi-
nators (e.g. ‘90 out of 100 patients who have this operation feel much
better, 1 will die during the operation and 2 will suffer a stroke’). Visual
aids can be used to present complex statistical information (Fig. 1.9).

How uncertainty is conveyed to patients is important. Many studies
demonstrate a correlation between effective clinician—patient communi-
cation and improved health outcomes. If patients feel they have been
listened to and understand the problem and proposed treatment plan,
they are more likely to follow the plan and less likely to re-attend.

Effective team communication

In increasingly complex health-care systems, patients are looked after by
a wide variety of professionals, each of whom has access to important

| information required to make clinical decisions. Strict hierarchies are haz-

ardous to patient safety if certain members of the team do not feel able
to speak up.

The SBAR system of communication has been recommended by the
UK’s Patient Safety First campaign. It is a structured way to communicate
about a patient with another health-care professional (e.g. during handover
or when making a referral) and increases the amount of relevant informa-
tion being communicated in a shorter time. It is illustrated in Box 1.7.

Using clinical prediction rules and other
decision aids

A clinical prediction rule is a statistical model of the diagnostic process.
When clinical prediction rules are matched against the opinion of experts,
the model usually outperforms the experts, because it is applied con-
sistently in each case. However, it is important that clinical prediction
rules are used correctly — that is, applied to the patient population that
was used to create the rule. Clinical prediction rules force a scientific
assessment of the patient’s symptoms, signs and other data to develop
a numerical probability of a disease or an outcome. They help clinicians
to estimate probability more accurately.

A good example of a clinical prediction rule to estimate pre-test prob-
ability is the Wells score in suspected deep vein thrombosis (see Box
9.18). Other commonly used clinical prediction rules predict outcomes
and therefore guide the management plan. These include the GRACE
score in acute coronary syndromes (see Fig. 16.61) and the CURB-65
score in community-acquired pneumonia (see Fig. 17.32).

Reducing errors in clinical decision-making

Deliberate practice

Studies of expertise reveal that extensive experience is necessary to
achieve high levels of performance, but extensive experience does not
by itself lead to expert levels of achievement. Something else is required,
encapsulated in the term ‘deliberate practice’. This involves effortful
practice, coaching and feedback, and the ability of an individual to plan,
assess, reflect and adjust so their performance improves.

Cognitive debiasing strategies
Knowledge and experience alone, however, do not eliminate errors.
There are some simple and established techniques that can be used to

avoid cognitive biases and errors in clinical decision-making.

l History and physical examination

Taking a history and performing a physical examination may seem
obvious, but these are sometimes carried out inadequately. This is
the ‘unpacking principle’: failure to unpack all the available information
means things can be missed and lead to error.
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Fig. 1.9 Visual portrayal of benefits and risks. The image refers to an operation
that is expected to relieve symptoms in 90% of patients, but cause stroke in 2% and
death in 1%. From Edwards A, Elwyn G, Mulley A. Explaining risks: turning numerical
data into meaningful pictures. BMJ 2002, 324:827-830, reproduced with permission
from the BMJ Publishing Group.

l 1.7 The SBAR system of communicating

SBAR Example (a telephone call to the

Intensive Care team)

Situation | am [name] calling from [place] about

a patient with a NEWS* of 10.

Background [Patient’s name], 30-year-old woman,
no past medical history, was admitted
last night with community-acquired
pneumonia. Since then her oxygen
requirements have been steadily

increasing.

Assessment Her vital signs are: blood pressure
115/60 mmHg, heart rate 120 beats/
min, temperature 38°C, respiratory
rate 32 breaths/min, oxygen
saturations 89% on 15L via reservoir
bag mask.

An arterial blood gas shows H*
50nmol/L (pH 7.3), PaC0, 4.0kPa
(30mmHg), Pa0, 7 kPa (52.5 mmHg),
standard bicarbonate 14 mmol/L.
Chest X-ray shows extensive right
lower zone consolidation.

Recommendation Please can you come and see her as
soon as possible? | think she needs

admission to Intensive Care.

*NEWS = National Early Warning Score; a patient with normal vital signs scores 0. See Royal
College of Physicians. National Early Warning Score (NEWS) 2: Standardising the assessment of
acute-illness severity in the NHS. Updated report of a working party. London: RCP; December 2017.

Problem representation/list and differential
diagnosis

Once all the available data from history, physical examination and (some-
times) initial test results are available, these need to be synthesised into
a problem representation or problem list. The process of generating a
problem list ensures nothing is missed. The process of generating a
differential diagnosis works against anchoring on a particular diagnosis
too early, thereby avoiding search satisficing and premature closure (see
Fig. 1.6).

I Mnemonics and checklists

These are used frequently in medicine in order to reduce reliance on
fallible human memory. ABCDE (airway, breathing, circulation, disability,
exposure/examination) is probably the most successful checklist in med-
icine, used during the assessment and treatment of critically ill patients
(ABCDE is sometimes prefixed with ‘C’ for ‘control of any obvious prob-
lem’; see p. 191). Checklists ensure that important issues have been
considered and completed, especially under conditions of complexity,
stress or fatigue.

l Red flags and ROWS (‘rule out worst-case scenario’)

These are strategies that force doctors to consider serious diseases that
can present with common symptoms. Red flags in back pain are listed
in Box 26.19. Considering and investigating for possible pulmonary
embolism in patients who present with pleuritic chest pain and breath-
lessness is a common example of ruling out a worst-case scenario, as
pulmonary embolism can be fatal if missed. Red flags and ROWS help
to avoid cognitive biases such as the ‘framing effect’ and ‘premature
closure’.

Newer strategies to avoid cognitive biases and errors in decision-mak-
ing are emerging. These involve explicit training in clinical reasoning and
human factors. In theory, if doctors are aware of the science of human
thinking and decision-making, then they are more able to think about
their thinking, understand situations in which their decision-making may
be affected, and take steps to mitigate this.

Clinical decision-making: putting it all

together

The following is a practical example that brings together many of the
concepts outlined in this chapter:

A 25-year-old woman presents with right-sided pleuritic chest pain
and breathlessness. She reports that she had an upper respiratory tract
infection a week ago and was almost back to normal when the symp-
toms started. The patient has no past medical history and no family his-
tory, and her only medication is the combined oral contraceptive pill.
On examination, her vital signs are normal (respiratory rate 19 breaths/
min, oxygen saturations 98% on air, blood pressure 115/60 mmHg, heart
rate 90 beats/min, temperature 37.5°C) and the physical examination is
also normal. You have been asked to assess her for the possibility of a
pulmonary embolism.

(More information on pulmonary embolism can be found in Chapter 17.)

I Evidence-based history and examination

Information from the history and physical examination is vital in deciding
whether this could be a pulmonary embolism. Pleurisy and breathless-
ness are common presenting features of this disease but are also com-
mon presenting features in other diseases. There is nothing in the history
to suggest an alternative diagnosis (e.g. high fever, productive cough,
recent chest trauma). The patient’s vital signs are normal, as is the phys-
ical examination. However, very few individual findings help to distinguish
patients with pulmonary embolism from those without it. The presence of
wheeze and a high fever modestly decrease the probability of pulmonary
embolism. The presence of hypoxaemia is unhelpful (likelihood ratio not
significant).

I Deciding pre-test probability

The prevalence of puimonary embolism (PE) in 25-year-old women is
low. We anchor on this prevalence and then adjust for individual patient
factors. This patient has no major risk factors for pulmonary embolism.
To assist our estimate of pre-test probability, we could use a clinical



prediction rule: in this case, the modified Wells score for pulmonary
embolism, which would give a score of 3 (low probability — answering
yes only to the criterion ‘PE is the number one diagnosis, an alternative
is less likely’).

N Interpreting test results

Imagine the patient went on to have a normal chest X-ray and blood
results, apart from a raised D-dimer of 900 (normal <500ng/mL). A nor-
mal chest X-ray is a common finding in pulmonary embolism. Several
studies have shown that the D-dimer assay has at least 95% sensitivity
in acute pulmonary embolism but it has a low specificity. A very sensitive
test will detect most disease but generate abnormal findings in healthy
people. On the other hand, a negative result virtually, but not completely,
excludes the disease. It is important at this point to realise that a raised
D-dimer result does not mean this patient has a pulmonary embolism;
it just means that we have not been able to exclude it. Since pulmonary
embolism is a potentially fatal condition we need to rule out the worst-
case scenario (ROWS), and the next step is therefore to arrange further
imaging. What kind of imaging depends on individual patient character-
istics and what is available.

I Treatment threshold

The treatment threshold combines factors such as the risks of the test,
and the risks versus benefits of treatment. A CT pulmonary angiogram
(CTPA) could be requested for this patient, although in some circum-
stances ventilation-perfusion single-photon emission computed tomog-
raphy (WQSPECT, p. 547) may be a more suitable alternative. However,
what if the scan cannot be performed until the next day? Because pul-
monary embolism is potentially fatal and the risks of treatment in this
case are low, the patient should be started on treatment while awaiting
the scan.

I Post-test probability

The patient’s scan result is subsequently reported as ‘no pulmonary
embolism’. Combined with the low pre-test probability, this scan result
reliably excludes pulmonary embolism.

I Cognitive biases

Imagine during this case that the patient had been handed over to you
as ‘nothing wrong — probably a pulled muscle’. Cognitive biases (sub-
conscious tendencies to respond in a certain way) would come into play,
such as the ‘framing effect’, ‘confirmation bias’ and ‘search satisficing’.
The normal clinical examination might confirm the diagnosis of mus-
culoskeletal pain in your mind, despite the examination being entirely
consistent with pulmonary embolism and despite the lack of history and
examination findings (e.g. chest wall tenderness) to support the diagno-
sis of musculoskeletal chest pain.

l Human factors

Imagine that, after you have seen the patient, a colleague hands you
some blood forms and asks you what tests you would like to request
on ‘this lady’. You request blood tests including a D-dimer on the wrong
patient. Luckily, this error is intercepted.

l Shared decision-making

The diagnosis of pulmonary embolism can be difficult. Clinical prediction
rules (e.g. modified Wells score), guidelines (e.g. from the UK’s National
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Institute for Health and Care Excellence, or NICE) and decision aids (e.g.
simplified pulmonary embolism severity index, or PESI) are frequently
used in combination with the doctor’s opinion, derived from information
gathered in the history and physical examination.

The patient is treated according to evidence-based guidelines that
apply to her particular situation. Tests alone do not make a diagnosis
and at the end of this process the patient is told that the combination
of history, examination and test results mean she is extremely unlikely
to have a pulmonary embolism. Viral pleurisy is offered as an alternative
diagnosis and she is reassured that her symptoms are expected to settle
over the coming days with analgesia. She is advised to re-present to
hospital if her symptoms get worse.

Answers to problems

J Harvard problem (p. 5)

Almost half of doctors surveyed said 95%, but they neglected to take
prevalence into account. If 1000 people are tested, there will be 51 pos-
itive results: 50 false positives and 1 true positive (@assuming 100% sen-
sitivity). The chance that a person found to have a positive result actually
has the disease is therefore only 1/51 or ~2%.

J Bat and ball problem (p. 6)

This puzzle is from the book Thinking, Fast and Slow, by Nobel laureate
Daniel Kahneman (see ‘Further information’). He writes, ‘A number came
to your mind. The number, of course, is 10p. The distinctive mark of this
easy puzzle is that it evokes an answer that is intuitive, appealing — and
wrong. Do the math, and you will see.” The correct answer is 5p.

Further information
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Med 1994;69:883-885.
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laboratory results. N Engl J Med 1978;299:999-1001.

Cooper N, Frain J, eds. ABC of clinical reasoning. Oxford: Wiley-Blackwell; 2016.

Croskerry P. A universal model of diagnostic reasoning. Acad Med
2009;84:1022-1028.

Kahneman D. Thinking, fast and slow. London: Penguin; 2012.

McGee S. Evidence-based physical diagnosis, 4th edn. Philadelphia: Elsevier;
2018.

Prakash S, Sladek RM, Schuwirth L. Interventions to improve diagnostic decision
making: a systematic review and meta-analysis on reflective strategies. Med
Teacher 2019;41:517-524.

Sox H, Higgins MC, Owens DK. Medical decision making, 2nd edn. Chichester:
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Websites

creme.org.uk UK Clinical Reasoning in Medical Education Group .
improvediagnosis.org Society to Improve Diagnosis in Medicine (USA) .
chfg.org UK Clinical Human Factors Group .

clinical-reasoning.org Clinical reasoning resources.

vassarstats.net/index.html Suite of calculators for statistical computation
(Calculator 2 is a calculator for predictive values and likelihood ratios) .
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Multiple Choice Questions

1.1. Which of the following best describes what is meant by the term
‘shared decision-making’?

Allowing the patient to make decisions about his or her care
Asking for help when needed

Making decisions with the wider clinical team
Patient-centred evidence-based medicine

Sharing decision-making with the patient, relatives, clinical
team, guidelines and decision aids

moom»

Answer: E.

Shared decision-making refers to the fact that clinical reasoning does
not necessarily take place solely within a clinician’s head. Good deci-
sion-making is often shared with patients, relatives and carers, within
teams, and by using guidelines, clinical prediction rules and other
decision aids. Integral to all of this is the ability to engage in optimal
decision-making behaviours: involving the patient and/or carers in the
diagnostic and management process, listening to others, following evi-
dence-based guidelines, asking for help when needed, and using clear
communication, especially when handing over care.

1.2. Which of the following best describes what is meant by the term
‘metacognitive knowledge’?

A. An awareness of and an ability to think about one’s own
thinking

B. An understanding of how things fit together

C. An understanding of how to do something, what techniques to
use

D. The tendency to engage in deliberate practice

E. The tendency to look for evidence, weigh things up and be
aware of context

Answer: A.

Metacognition literally means ‘thinking about thinking’, ‘knowing
about knowing’, and being ‘aware of one’s awareness’. Metacognitive
knowledge is about being aware of one’s own cognitive processes
and is a key ingredient for successful learning and the development
of expertise.

1.3. When using a clinical prediction rule for a specific condition, which
of the following is true?

A. The tool can be applied to any patient with the condition

B. The tool can determine the clinical probability that a patient has
a disease

C. The tool is not necessarily based on evidence

D. The tool uses the receiver operating characteristic curve to
statistically model the diagnostic process

E. Use of the tool removes the need for clinical decision-making
on the part of the clinician

Answer: B.

A clinical prediction rule is a statistical model of the diagnostic pro-
cess. When clinical prediction rules are matched against the opinion of

experts, the model usually outperforms the experts, because it is applied
consistently in each case. However, it is important that clinical prediction
rules are used correctly — that is, applied to the patient population that
was used to create the rule. Clinical prediction rules force a scientific
assessment of the patient’s symptoms, signs and other data to develop
a numerical probability of a disease or an outcome. They help clinicians
to estimate probability more accurately. A good example of a clinical
prediction rule to estimate pre-test probability is the Wells score in sus-
pected deep vein thrombosis.

1.4. Regarding normal values, which of the following statements is
true?

A. A normal result means that disease is not present

B. A normal result specific to a particular disease is not found in a
person with the disease

C. Normal values do not vary significantly within the same person

D. Normal values follow a Poisson distribution

E. One in 20 healthy people will have values that lie outside the
reference range

Answer: E.

Most tests provide quantitative results on a continuous numerical
scale. In order to classify quantitative results as hormal or abnormal, it is
necessary to define a cut-off point. Many quantitative measurements in
populations have a Gaussian or ‘normal’ distribution. By convention, the
normal (reference) range is defined as those values that encompass 95%
of the population, or 2 standard deviations above and below the mean.
This means that 2.5% of the normal population will have values above,
and 2.5% will have values below the normal range. In some diseases
there is no overlap between results from the abnormal and normal pop-
ulation. However, in many diseases there is overlap. So a healthy person
can have an ‘abnormal’ result, and a person with disease can have a
‘normal’ result. Normal values also vary from day to day in the same per-
son in the absence of a real change because of biological variation and
laboratory variation. The extent to which a blood test is allowed to vary
before it has truly changed is called the ‘critical difference’.

1.5. An 80-year-old man presented with a fall on a background of a
2-week history of his legs ‘giving way’ and a history of increasing
low back pain. In this scenario, which of the following strategies to
reduce errors in clinical reasoning would be most appropriate?

An assessment of his mobility

An X-ray of the lumbar spine

Generating a problem representation

Use of a clinical prediction rule

Using red flags and ‘ROWS’ (rule out worst-case scenario)

moow>

Answer: E.

Various strategies can be used to reduce errors in clinical reasoning
including: taking a proper history and performing a thorough physical
examination, generating a problem representation, and using mnemon-
ics and checklists. Using red flags and ROWS (rule out worst-case
scenario) forces clinicians to think about serious diseases that can
present with common symptoms. In this example, it forces clinicians
to consider the possibility of cord compression. Red flags and ROWS
helps to avoid cognitive biases such as the ‘framing effect’ and ‘pre-
mature closure’.
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14 o CLINICAL THERAPEUTICS AND GOOD PRESCRIBING

Prescribing medicines is the major tool used by doctors to restore or
preserve the health of patients. Medicines contain drugs (the specific
chemical substances with pharmacological effects), either alone or in
combination with additional drugs, in a formulation mixed with other
ingredients. The beneficial effects of medicines must be weighed against
their cost and potential adverse drug reactions and interactions. The lat-
ter two factors are sometimes caused by injudicious prescribing deci-
sions and by prescribing errors. The modern prescriber must meet the
challenges posed by the increasing number of drugs and formulations
available, of indications for prescribing them and the greater complexity
of treatment regimens followed by individual patients (‘polypharmacy’, a
particular challenge in the ageing population). The purpose of this chap-
ter is to elaborate on the principles and practice that underpin good pre-
scribing (Box 2.1).

| 2.1 Steps in good prescribing

e Make a diagnosis

Consider factors that might influence the patient’s response to therapy (age,
concomitant drug therapy, renal and liver function etc.)
Establish the therapeutic goal*

Choose the therapeutic approach*

Choose the drug and its formulation (the ‘medicine’)
Choose the dose, route and frequency

Choose the duration of therapy

Write an unambiguous prescription (or ‘medication order’)
Inform the patient about the treatment and its likely effects
Monitor treatment effects, both beneficial and harmful
Review/alter the prescription

*These steps in particular take the patient’s views into consideration to establish a therapeutic
partnership that aims to achieve ‘concordance’ based on shared decision-making

Principles of clinical pharmacology

Prescribers need to understand what the drug does to the body (phar-
macodynamics) and what the body does to the drug (pharmacokinetics)
(Fig. 2.1). Although this chapter is focused on the most common drugs,
which are synthetic small molecules, the same principles apply to the
increasingly numerous ‘biologic’ therapies (sometimes abbreviated to
‘biologics’) now in use, which include peptides, proteins, enzymes and
monoclonal antibodies.

Pharmacodynamics

I Drug targets and mechanisms of action

Modern drugs are usually discovered by screening compounds for activ-
ity either to stimulate or to block the function of a specific molecular tar-
get, which is predicted to have a beneficial effect in a particular disease
(Box 2.2). Other drugs have useful but less selective chemical properties,
such as chelators (e.g. for treatment of iron or copper overload), osmotic
agents (used as diuretics in cerebral oedema) or general anaesthetics
(that alter the biophysical properties of lipid membranes). The following
characteristics of the interaction of drugs with receptors illustrate some
of the important determinants of the effects of drugs:

o Affinity describes the propensity for a drug to bind to a receptor
and is related to the ‘molecular fit" and the strength of the chemi-
cal bond. Some drug-receptor interactions are irreversible, either
because the affinity is so strong or because the drug modifies the
structure of its molecular target.

e Selectivity describes the propensity for a drug to bind to one target
rather than another. Selectivity is a relative term, not to be con-
fused with absolute specificity. It is common for drugs targeted

Dosage
Pharmacokinetics ~ "®9MeN 4 pat the body does
: to a drug’
§ Monitoring
s Measure plasma drug
— concentration
Plasma

concentration

Concentration at
the site of action

Pharmacodynamics ‘what a drug does

to the body’

Monitoring
Measure clinical
effects

Effect

Concentration

b
A

Pharmaéological
effects

Fig. 2.1 Pharmacokinetics and pharmacodynamics.

at a particular subtype of receptor to exhibit some effect at other
subtypes. For example, B-adrenoceptors can be subtyped on the
basis of their responsiveness to the endogenous agonist noradren-
aline (norepinephrine): the concentration of noradrenaline required
to cause bronchodilatation (via B,-adrenoceptors) is 10 times higher
than that required to cause tachycardia (via f,-adrenoceptors).
‘Cardioselective’ p-adrenoceptor antagonists (p-blockers) have
anti-anginal effects on the heart (B,), but may still cause broncho-
spasm in the lung (B,) and are contraindicated for asthmatic patients.

e Agonists bind to a receptor to produce a conformational change
that is coupled to a biological response. As agonist concentration
increases, so does the proportion of receptors occupied, and hence
the biological effect. Partial agonists activate the receptor, but can-
not produce a maximal signalling effect equivalent to that of a full
agonist even when all available receptors are occupied.

* Antagonists bind to a receptor, but do not produce the confor-
mational change that initiates an intracellular signal. A competitive
antagonist competes with endogenous agonist ligands to occupy
receptor-binding sites, with the resulting antagonism depending
on the relative affinities and concentrations of the antagonist drug
and endogenous agonist. Non-competitive antagonists inhibit the
effect of an agonist by mechanisms other than direct competition
for receptor binding with the agonist (e.g. by affecting post-receptor
signalling).

I Dose-response relationships

Plotting the logarithm of drug dose against drug response typically pro-
duces a sigmoidal dose-response curve (Fig. 2.2). Progressive increases
in drug dose (which, for most drugs, is proportional to the plasma drug
concentration) produce increasing response, but only within a relatively
narrow range of dose; further increases in dose beyond this range pro-
duce little extra effect. The following characteristics of the drug response
are useful in comparing different drugs:

e FEfficacy describes the extent to which a drug can produce a tar-
get-specific response when all available receptors or binding sites
are occupied (i.e. E___on the dose-response curve). A full agonist
can produce the maximum response of which the receptor is capa-
ble, while a partial agonist at the same receptor will have lower
efficacy. Therapeutic efficacy describes the effect of the drug on a
desired biological endpoint and can be used to compare drugs that
act via different pharmacological mechanisms (e.g. loop diuretics

uploaded by medbooksvn


https://medbooksvn.org/medbooksvn-free-medical-books/

Principles of clinical pharmacology

| 2.2 Examples of target molecules for drugs

Drug target

Description

15

Examples

Receptors
Channel-linked receptors

G-protein-coupled receptors (GPCRS)

Kinase-linked receptors

Transcription factor receptors

Ligand binding controls a linked ion channel, known as ‘ligand-
gated’ (in contrast to ‘voltage-gated’ channels that respond to
changes in membrane potential)

Ligand hinding affects one of a family of ‘G-proteins’ that mediate
signal transduction either by activating intracellular enzymes
(such as adenylate or guanylate cyclase, producing cyclic AMP or
GMP, respectively) or by controlling ion channels

Ligand binding activates an intracellular protein kinase that
triggers a cascade of phosphorylation reactions

Intracellular and also known as ‘nuclear receptors’; ligand binding
promotes or inhibits gene transcription and hence synthesis of
new proteins

Nicotinic acetylcholine receptor
GABA receptor
Sulphonylurea receptor

Muscarinic acetylcholine receptor
f3-adrenoceptors

Dopamine receptors

5-Hydroxytryptamine (5-HT, serotonin) receptors
Opioid receptors

Insulin receptor
Cytokine receptors

Steroid receptors

Thyroid hormone receptors
Vitamin D receptors
Retinoid receptors

PPARy and o receptors

Other targets
Voltage-gated ion channels

Enzymes

Transporter proteins

Cytokines and other signalling molecules

Cell surface antigens

Mediate electrical signalling in excitable tissues (muscle and
nervous system)

Catalyse biochemical reactions. Drugs interfere with binding of
substrate to the active site or of co-factors

Carry ions or molecules across cell membranes

Small proteins that are important in cell signalling (autocrine,
paracrine and endocrine), especially affecting the immune
response

Block the recognition of cell surface molecules that modulate
cellular responses

Na*+ channels
Ca?* channels

Cyclo-oxygenase
ACE
Xanthine oxidase

5-HT re-uptake transporter
Na*/K*+ ATPase

Tumour necrosis factors
Interleukins

Cluster of differentiation molecules (e.g. CD20,
CD80)

(ACE = angiotensin-converting enzyme; AMP = adenosine monophosphate; ATPase = adenosine triphosphatase; GABA = y-aminobutyric acid; GMP = guanosine monophosphate; PPAR =

peroxisome proliferator-activated receptor)

1

Response (% of maximum)

Fig. 2.2 Dose-response curve. The green curve represents the beneficial effect of the drug. The maximum response on the curve is the E
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producing half this value (€, /2) is the ED,; (or EC, ). The red curve illustrates the dose-response relationship for the most important adverse effect of this drug. This occurs at
much higher doses; the ratio between the ED, for the adverse effect and that for the beneficial effect is the ‘therapeutic index’, which indicates how much margin there is for
prescribers when choosing a dose that will provide beneficial effects without also causing this adverse effect. Adverse effects that occur at doses above the therapeutic range
are normally called ‘toxic effects’, while those occurring within the therapeutic range are ‘side-effects’ and those below it are ‘hyper-susceptibility effects’.
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induce a greater diuresis than thiazide diuretics and so have greater
therapeutic efficacy).

e Potency describes the amount of drug required for a given
response. More potent drugs produce biological effects at lower
doses, so they have a lower ED.. A less potent drug can still have
an equivalent or greater efficacy if it is given in higher doses.

The dose-response relationship for a specific drug varies between
patients because of variations in the many determinants of pharma-
cokinetics and pharmacodynamics. In clinical practice, the prescriber is
unable to construct a dose-response curve for each individual patient.
Therefore, most drugs are licensed for use within a recommended range
of doses that is expected to reach close to the top of the dose-response
curve for most patients. However, it is sometimes possible to achieve the
desired therapeutic efficacy at doses towards the lower end of, or even
below, the recommended range.

Therapeutic index

The adverse effects of drugs are often dose-related in a similar way to the
beneficial effects, although the dose-response curve for these adverse
effects is normally shifted to the right (see Fig. 2.2). The ratio of the
ED,, for therapeutic efficacy and for a major adverse effect is known as
the ‘therapeutic index’. In reality, drugs have multiple potential adverse
effects, but the concept of therapeutic index is usually based on adverse
effects that might require dose reduction or discontinuation. For most
drugs, the therapeutic index is greater than 100, but there are some
notable exceptions with therapeutic indices of less than 10 (e.g. digoxin,
warfarin, insulin, phenytoin, opioids). The doses of such drugs have to
be titrated carefully for individual patients to maximise benefits, but avoid
adverse effects.

l Desensitisation and withdrawal effects

Desensitisation refers to the common situation in which the biological
response to a drug diminishes when it is given continuously or repeat-
edly. It may be possible to restore the response by increasing the dose
of the drug but, in some cases, the tissues may become completely
refractory to its effect.

e Tachyphylaxis describes desensitisation that occurs very rap-
idly, sometimes with the initial dose. This rapid loss of response
implies depletion of chemicals that may be necessary for the

| 2.3 Examples of drugs associated with withdrawal effects

Drug

Symptoms

Signs

pharmacological actions of the drug (e.g. a stored neurotransmitter
released from a nerve terminal) or receptor phosphorylation.

e Tolerance describes a more gradual loss of response to a drug that
occurs over days or weeks. This slower change implies changes in
receptor numbers or the development of counter-regulatory physio-
logical changes that offset the actions of the drug (e.g. accumulation
of salt and water in response to vasodilator therapy).

e Drug resistance is a term normally reserved for describing the loss
of effectiveness of an antimicrobial (p. 113) or cancer chemotherapy
drug.

e |n addition to these pharmacodynamic causes of desensitisation,
reduced response may be the consequence of lower plasma and
tissue drug concentrations as a result of altered pharmacokinetics
(see below).

When drugs induce chemical, hormonal and physiological changes
that offset their actions, discontinuation may allow these changes to
cause ‘rebound’ withdrawal effects (Box 2.3).

Pharmacokinetics

Understanding ‘what the body does to the drug’ (Fig. 2.3) is extremely
important for prescribers because this forms the basis on which the opti-
mal route of administration and dose regimen are chosen and explains
the majority of inter-individual variation in the response to drug therapy.

l Drug absorption and routes of administration

Absorption is the process by which drug molecules gain access to the
blood stream. The rate and extent of drug absorption depend on the
route of administration (see Fig. 2.3).

Enteral administration

These routes involve administration via the gastrointestinal tract:

e Oral. This is the most common route of administration because it
is simple, convenient and readily used by patients to self-admin-
ister their medicines. Absorption after an oral dose is a complex
process that depends on the drug being swallowed, surviving
exposure to gastric acid, avoiding unacceptable food binding, being
absorbed across the small bowel mucosa into the portal venous
system, and surviving metabolism by gut wall or liver enzymes

Treatment

Alcohol Anxiety, panic, paranoid delusions,

visual and auditory hallucinations

I Barbiturates, benzodiazepines Similar to alcohol

Agitation, restlessness, delirium,
tremor, tachycardia, ataxia,
disorientation, seizures

Similar to alcohol

Treat immediate withdrawal syndrome with
benzodiazepines

Transfer to long-acting benzodiazepine then |
gradually reduce dosage

Glucocorticoids Weakness, fatigue, decreased
appetite, weight loss, nausea,

vomiting, diarrhoea, abdominal pain

Hypotension, hypoglycaemia

Prolonged therapy suppresses the
hypothalamic—pituitary—adrenal axis and
causes adrenal insufficiency requiring
glucocorticoid replacement. Withdrawal
should be gradual after prolonged therapy

inhibitors (SSRIs) insomnia, tremor, delirium,

nightmares

(p. 684)
Opioids Rhinorrhoea, sneezing, yawning, Dilated pupils Transfer addicts to long-acting agonist
lacrimation, abdominal and leg methadone
cramping, nausea, vomiting,
diarrhoea
Selective serotonin re-uptake Dizziness, sweating, nausea, Tremor Reduce SSRIs slowly to avoid withdrawal

effects
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(‘first-pass metabolism’). As a consequence, absorption is frequently
incomplete following oral administration. The term ‘bioavailability’
describes the proportion of the dose that reaches the systemic
circulation intact.
e Buccal and sublingual (SL). These routes have the advantage of
enabling rapid absorption into the systemic circulation without
the uncertainties associated with oral administration (e.g. organic
nitrates for angina pectoris, triptans for migraine, opioid analgesics).
* Rectal (PR). The rectal mucosa is occasionally used as a site of
drug administration when the oral route is compromised because of
nausea and vomiting or unconsciousness (e.g. diazepam in status
epilepticus).

Parenteral administration

These routes avoid absorption via the gastrointestinal tract and first-pass
metabolism in the liver:

e Intravenous (IV). The IV route enables all of a dose to enter the sys-
temic circulation reliably, without any concerns about absorption
or first-pass metabolism (i.e. the dose is 100% bioavailable), and
rapidly achieve a high plasma concentration. It is ideal for very ill
patients when a rapid, certain effect is critical to outcome (e.g. ben-
zylpenicillin for meningococcal meningitis).

e Intramuscular (IM). IM administration is easier to achieve than the
IV route (e.g. adrenaline (epinephrine) for acute anaphylaxis), but
absorption is less predictable and depends on muscle blood flow.

e Subcutaneous (SC). The SC route is ideal for drugs that have to
be administered parenterally because of low oral bioavailability, are
absorbed well from subcutaneous fat and can ideally be injected by
patients themselves (e.g. insulin, heparin).

e Transdermal. A transdermal patch can enable a drug to be
absorbed through the skin and into the circulation (e.g. oestrogens,
nicotine, nitrates).

e Nasal. The nasal mucosa provides another potential route for
absorption of some drugs with systemic action (e.g. sumatriptan,
calcitonin, naloxone, testosterone, desmopressin).

Other routes of administration

e Topical application of a drug involves direct administration to the site
of action (e.g. skin, eye, ear). This has the advantage of achieving
sufficient concentration at this site while minimising systemic expo-
sure and the risk of adverse effects elsewhere.

® Inhaled (INH) administration allows drugs to be delivered directly
to a target in the respiratory tree, usually the small airways (e.g.
salbutamol, beclometasone). However, a significant proportion of
the inhaled dose may be absorbed from the lung or is swallowed
and can reach the systemic circulation. The most common mode
of delivery is the metered-dose inhaler, but its success depends
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on some degree of manual dexterity and timing (see Fig. 17.23).
Patients who find these difficult may use a ‘spacer’ device to
improve drug delivery. A special mode of inhaled delivery is via a
nebulised solution created by using pressurised oxygen or air to
break up solutions and suspensions into small aerosol droplets that
can be directly inhaled from the mouthpiece of the device.

l Drug distribution

Distribution is the process by which drug molecules transfer between
the circulating blood, interstitial space and intracellular fluid. This is
influenced by the drug’s molecular size and lipid solubility, the extent to
which it binds to proteins in plasma, its susceptibility to drug transporters
expressed on cell surfaces and its binding to its molecular target and
to other cellular proteins (which can be irreversible). Most drugs diffuse
passively across capillary walls down a concentration gradient into the
interstitial fluid until the concentration of free drug molecules in the inter-
stitial fluid is equal to that in the plasma. As drug molecules in the blood
are removed by metabolism or excretion, the plasma concentration falls
and drug molecules diffuse back from the tissue compartment into the
blood until eventually all are eliminated. Note that this reverse movement
of drug away from the tissues will be prevented if further drug doses are
administered and absorbed into the plasma.

Volume of distribution

The apparent volume of distribution (V) is the volume into which a drug
appears to have distributed following intravenous injection. It is calcu-
lated from the equation
V,=D.C,

where D is the amount of drug given and C,, is the initial plasma concen-
tration (Fig. 2.4A). Drugs that are highly bound to plasma proteins may
have a V below 10L (e.g. warfarin, aspirin), while those that diffuse into
the interstitial fluid but do not enter cells because they have low lipid sol-
ubility may have a V, between 10 and 30L (e.g. gentamicin, amoxicillin).
Itis an ‘apparent’ volume because those drugs that are lipid-soluble and
highly tissue-bound may have a V of greater than 100L (e.g. digoxin,
amitriptyline). Drugs with a larger V have longer half-lives (see below),
take longer to reach steady state on repeated administration and are
eliminated more slowly from the body following discontinuation.

l Drug elimination
Drug metabolism

Metabolism is the process by which drugs are chemically altered from
a lipid-soluble form suitable for absorption and distribution to a more
water-soluble form that is necessary for excretion. Some drugs, known
as ‘prodrugs’, are inactive in the form in which they are administered, but
are converted to an active metabolite in vivo.

Fig. 2.3 Pharmacokinetics summary. Most drugs are taken orally,
are absorbed from the intestinal lumen and enter the portal venous
system to be conveyed to the liver, where they may be subject to
first-pass metabolism and/or excretion in bile. Active drugs then enter
the systemic circulation, from which they may diffuse (or sometimes
be actively transported) in and out of the interstitial and intracellular
fluid compartments. Drug that remains in circulating plasma is subject
to liver metabolism and renal excretion. Drugs excreted in bile may
be reabsorbed, creating an enterohepatic circulation. First-pass
metabolism in the liver is avoided if drugs are administered via the
buccal or rectal mucosa, or parenterally (e.g. by intravenous injection).
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Fig. 2.4 Drug concentrations in plasma following single and multiple drug
dosing. [A] In this example of first-order kinetics following a single infravenous dose,
the time period required for the plasma drug concentration to halve (half-life, t, ) remains
constant throughout the elimination process. [B] After multiple dosing, the plasma drug
concentration rises if each dose is administered before the previous dose has been
entirely cleared. In this example, the drug’s half-life is 30 hours, so that with daily dosing
the peak, average and trough concentrations steadily increase as drug accumulates

in the body (black ling). Steady state is reached after approximately 5 half-lives, when
the rate of elimination (the product of concentration and clearance) is equal to the rate
of drug absorption (the product of rate of administration and bioavailability). The long
half-life in this example means that it takes 6 days for steady state to be achieved and,
for most of the first 3 days of treatment, plasma drug concentrations are below the
therapeutic range. This problem can be overcome if a larger loading dose (red line) is
used to achieve steady-state drug concentrations more rapidly.

Phase | metabolism involves oxidation, reduction or hydrolysis to make
drug molecules suitable for phase Il reactions or for excretion. Oxidation
is by far the most common form of phase | reaction and chiefly involves
members of the cytochrome P450 family of membrane-bound enzymes
in the endoplasmic reticulum of hepatocytes.

Phase Il metabolism involves combining phase | metabolites with an
endogenous substrate to form an inactive conjugate that is much more
water-soluble. Reactions include glucuronidation, sulphation, acetyla-
tion, methylation and conjugation with glutathione. This is necessary to
enable renal excretion, because lipid-soluble metabolites will simply dif-
fuse back into the body after glomerular filtration (p. 617).

Drug excretion

Excretion is the process by which drugs and their metabolites are
removed from the body.

Renal excretion is the usual route of elimination for drugs or their
metabolites that are of low molecular weight and sufficiently water-soluble
to avoid reabsorption from the renal tubule. Drugs bound to plasma pro-
teins are not filtered by the glomeruli. The pH of the urine is more acidic
than that of plasma, so that weakly acidic drugs (e.g. salicylates) become
un-ionised and tend to be reabsorbed. Alkalination of the urine can has-
ten excretion (e.g. after a salicylate overdose; p. 225). For some drugs,
active secretion into the proximal tubule lumen, rather than glomerular
filtration, is the predominant mechanism of excretion (e.g. methotrexate,
penicillins).

Faecal excretion is the predominant route of elimination for drugs
with high molecular weight, including those that are excreted in the bile
after conjugation with glucuronide in the liver and any drugs that are not
absorbed after enteral administration. Molecules of drug or metabolite
that are excreted in the bile enter the small intestine where they may, if
they are sufficiently lipid-soluble, be reabsorbed through the gut wall and
return to the liver via the portal vein (see Fig. 2.3). This recycling between
the liver, bile, gut and portal vein is known as ‘enterohepatic circulation’
and can significantly prolong the residence of drugs in the body (e.g.
digoxin, morphine, levothyroxine).

Elimination Kinetics

The net removal of drug from the circulation results from a combination of
drug metabolism and excretion and is usually described as ‘clearance’,
i.e. the volume of plasma that is completely cleared of drug per unit time.

For most drugs, elimination is a high-capacity process that does not
become saturated, even at high dosage. The rate of elimination is, there-
fore, directly proportional to the drug concentration because of the ‘law
of mass action’, whereby higher drug concentrations will drive faster met-
abolic reactions and support higher renal filtration rates. This results in
‘first-order’ kinetics, when a constant fraction of the drug remaining in the
circulation is eliminated in a given time and the decline in concentration
over time is exponential (see Fig. 2.4A). This elimination can be described
by the drug’s half-life (t, ), i.e. the time taken for the plasma drug concen-
tration to halve, which remains constant throughout the period of drug
elimination. The significance of this phenomenon for prescribers is that
the effect of increasing doses on plasma concentration is predictable — a
doubled dose leads to a doubled concentration at all time points.

For a few drugs in common use (e.g. phenytoin, alcohol), elimination
capacity is exceeded (saturated) within the usual dose range. This is
called ‘zero-order’ kinetics. Its significance for prescribers is that, if the
rate of administration exceeds the maximum rate of elimination, the drug
will accumulate progressively, leading to serious toxicity.

I Repeated dose regimens

The goal of therapy is usually to maintain drug concentrations within the
therapeutic range (see Fig. 2.2) over several days (e.g. antibiotics) or
even for months or years (e.g. antihypertensives, lipid-lowering drugs,
thyroid hormone replacement therapy). This goal is rarely achieved with
single doses, so prescribers have to plan a regimen of repeated doses.
This involves choosing the size of each individual dose and the frequency
of dose administration.

As illustrated in Figure 2.4B, the time taken to reach drug concentra-
tions within the therapeutic range depends on the half-life of the drug.
Typically, with doses administered regularly, it takes approximately 5
half-lives to reach a ‘steady state’ in which the rate of drug elimination
is equal to the rate of drug administration. This applies when starting
new drugs and when adjusting doses of current drugs. With appropri-
ate dose selection, steady-state drug concentrations will be maintained
within the therapeutic range. This is important for prescribers because it
means that the effects of a new prescription, or dose titration, for a drug
with a long half-life (e.g. digoxin — 36 hours) may not be known for a few
days. In contrast, drugs with a very short half-life (e.g. dobutamine — 2
minutes) have to be given continuously by infusion, but reach a new
steady state within minutes.
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For drugs with a long half-life, if it is unacceptable to wait for 5 half-
lives until concentrations within the therapeutic range are achieved, then
an initial ‘loading dose’ can be given that is much larger than the main-
tenance dose and equivalent to the amount of drug required in the body
at steady state. This achieves a peak plasma concentration close to the
plateau concentration, which can then be maintained by successive
maintenance doses.

‘Steady state’ actually involves fluctuations in drug concentrations,
with peaks just after administration followed by troughs just prior to the
next administration. The manufacturers of medicines recommend dosing
regimens that predict that, for most patients, these oscillations result in
troughs within the therapeutic range and peaks that are not high enough
to cause adverse effects. The optimal dose interval is a compromise
between convenience for the patient and a constant level of drug expo-
sure. More frequent administration (e.g. 25mg 4 times daily) achieves a
smoother plasma concentration profile than 100mg once daily, but is
much more difficult for patients to sustain. A solution to this need for
compromise in dosing frequency for drugs with half-lives of less than
24 hours is the use of ‘modified-release’ (m/r) formulations. These allow
drugs to be absorbed more slowly from the gastrointestinal tract and
reduce the oscillation in plasma drug concentration profile, which is espe-
cially important for drugs with a low therapeutic index (e.g. levodopa).

Inter-individual variation in drug responses

Prescribers have numerous sources of guidance about how to use drugs
appropriately (e.g. dose, route, frequency, duration) for many conditions.
However, this advice is based on average dose-response data derived
from observations in many individuals. When applying this information
to an individual patient, prescribers must take account of inter-individ-
ual variability in response. Some of this variability is predictable and
good prescribers are able to anticipate it and adjust their prescriptions
accordingly to maximise the chances of benefit and minimise harm. Inter-
individual variation in responses also mandates that effects of treatment
should be monitored (p. 35).

Some inter-individual variation in drug response is accounted for by
differences in pharmacodynamics. For example, the beneficial natriuresis
produced by the loop diuretic furosemide is often significantly reduced
at a given dose in patients with renal impairment, while delirium caused
by opioid analgesics is more likely in the elderly. However, it is differences
in pharmacokinetics that more commonly account for different drug
responses. Examples of factors influencing the absorption, metabolism
and excretion of drugs are shown in Box 2.4.

| 2.4 Patient-specific factors that influence pharmacokinetics

Age

e Drug metabolism is low in the fetus and newborn, may be enhanced in young
children, and becomes less effective with age
e Drug excretion falls with the age-related decline in renal function

Sex

e \Women have a greater proportion of body fat than men, increasing the volume of
distribution and half-life of lipid-soluble drugs
Body weight

e Qbesity increases volume of distribution and half-life of lipid-soluble drugs
e Patients with higher lean body mass have larger body compartments into which
drugs are distributed and may require higher doses

Liver function

e Metabolism of most drugs depends on several cytochrome P450 enzymes that are
impaired in patients with advanced liver disease

* Hypoalbuminaemia influences the distribution of drugs that are highly protein-
bound

Kidney function

e Renal disease and the decline in renal function with ageing may lead to drug
accumulation
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It is hoped that a significant proportion of the inter-individual varia-
tion in drug responses can be explained by studying genetic differences
in single genes (‘pharmacogenetics’; Box 2.5) or the effects of multiple
gene variants (‘pharmacogenomics’). The aim is to identify those patients
most likely to benefit from specific treatments and those most suscepti-
ble to adverse effects. In this way, it may be possible to select drugs and
dose regimens for individual patients to maximise the benefit-to-hazard
ratio (‘personalised medicine’).

Adverse outcomes of drug therapy

The decision to prescribe a drug always involves a judgement of the
balance between therapeutic benefits and risk of an adverse outcome.
Both prescribers and patients tend to be more focused on the former,
but a truly informed decision requires consideration of both.

Adverse drug reactions
Some important definitions for the adverse effects of drugs are:

* Adverse event. A harmful event that occurs while a patient is taking
a drug, irrespective of whether the drug is suspected of being the
cause.

® Adverse drug reaction (ADR). An unwanted or harmful reaction that
is experienced following the administration of a drug or combination
of drugs under normal conditions of use and is suspected to be
related to the drug. An ADR will usually require the drug to be dis-
continued or the dose reduced.

e Side-effect. Any effect caused by a drug other than the intended
therapeutic effect, whether beneficial, neutral or harmful. The term
‘side-effect’ is often used interchangeably with ‘ADR’, although the
former usually implies an ADR that occurs during exposure to nor-
mal therapeutic drug concentrations (e.g. vasodilator-induced ankle
oedema).

e Hypersensitivity reaction. An ADR that occurs as a result of an
immunological reaction and often after exposure to subtherapeutic
drug concentrations. These include: (1) acute anaphylaxis (p. 183) —
the result of an interaction between drug antigens and immuno-
globulin E (IgE) on mast cells and basophils, resulting in a release
of vasoactive biomolecules (e.g. penicillin, suxamethonium); this is
also known as a type | hypersensitivity reaction. (2) ‘Anaphylactoid’

Gastrointestinal function

e Small intestinal absorption of oral drugs may be delayed by reduced gastric
motility

o Absorptive capacity of the intestinal mucosa may be reduced in disease (e.g.
Crohn’s or coeliac disease) or after surgical resection

Food

e Food in the stomach delays gastric emptying and reduces the rate (but not usually
the extent) of drug absorption
e Some food constituents bind to certain drugs and prevent their absorption

Smoking
e Tar in tobacco smoke stimulates the oxidation of certain drugs
Alcohol

e Regular alcohol consumption stimulates liver enzyme synthesis, while binge
drinking may temporarily inhibit drug metabolism

Drugs

e Drug—drug interactions cause marked variation in pharmacokinetics
(see Box 2.12)
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| 2.5 Examples of pharmacogenetic variations that influence drug response

Pseudocholinesterase deficiency

Suxamethonium (succinylcholine)

Genetic variant Drug affected Clinical outcome
Pharmacokinetic |
Aldehyde dehydrogenase-2 deficiency Ethanol Elevated blood acetaldehyde causes facial flushing and increased

heart rate in ~50% of Japanese, Chinese and other Asian

populations
Acetylation Isoniazid, hydralazine, procainamide Increased responses in slow acetylators, up to 50% of some
populations
Oxidation (CYP2DG6) Nortriptyline Increased risk of toxicity in poor metabolisers
Codeine Reduced responses with slower conversion of codeine to more
active morphine in poor metabolisers, 10% of European populations
Increased risk of toxicity in ultra-fast metabolisers, 3% of
Europeans but 25% of North Africans
Oxidation (CYP2C9) Warfarin Polymorphisms known to influence dosages
Oxidation (CYP2C19) Clopidogrel Reduced enzymatic activation results in reduced antiplatelet effect
Proguanil Reduced efficacy with slower conversion to active cycloguanil in
poor metabolisers
Sulphoxidation Penicillamine Increased risk of toxicity in poor metabolisers

Decreased drug inactivation leads to prolonged paralysis and
sometimes persistent apnoea requiring mechanical ventilation until
the drug can be eliminated by alternate pathways; occurs in 1 in
1500 people

Pharmacodynamic

Glucose-6-phosphate dehydrogenase (G6PD) Oxidant drugs, including

Hepatic nuclear factor 1 alpha (HNF1A) Sulphonylureas

polymorphism

Human epidermal growth factor receptor 2 (HER2)-
positive breast cancer cells

Trastuzumab

Risk of haemolysis in GGPD deficiency

Increased risk of an acute attack

Increased risk of rhabdomyolysis

Increased risk of skin hypersensitivity reaction
Increased risk of rashes in Han Chinese

Increased risk of serious dermatological reactions
(e.g. Stevens—Johnson syndrome)

Increased sensitivity to the blood glucose-lowering effects

deficiency antimalarials (e.g. chloroquine,
primaquine)

Acute intermittent porphyria Enzyme-inducing drugs

SLCO1B1 polymorphism Statins

HLA-B*5701 polymorphism Abacavir

HLA-B*5801 polymorphism Allopurinol

HLA-B*1502 polymorphism Carbamazepine

Increased sensitivity to the inhibitory effects on growth and division
of the target cancer cells

reactions — these present in a similar manner to acute anaphylaxis,
but are a consequence of non-IgE-mediated degranulation of mast
cells and basophils or direct complement activation (e.g. aspirin,
non-steroidal anti-inflammatory drugs, opiates). (3) Types II-IV
hypersensitivity reactions — these occur via other mechanisms, such
as antibody-dependent (IgM or IgG), immune complex-mediated

or cell-mediated pathways (p. 78); examples of such reactions are
listed in Box 2.6.

e Drug toxicity. Adverse effects of a drug that occur because the dose
or plasma concentration has risen above the therapeutic range,
either unintentionally or intentionally (drug overdose; see Fig. 2.2 and
p. 224).

* Drug misuse. The misuse of recreational or therapeutic drugs that
may lead to addiction or dependence, serious physiological injury
(such as liver damage), psychological harm (abnormal behaviour
patterns, hallucinations, memory loss) or death (p. 1240).

Prevalence of ADRs

ADRs are a common cause of illness, accounting in the UK for approx-
imately 3% of consultations in primary care, 7% of emergency admis-
sions to hospital and affecting around 15% of hospital inpatients. Many
‘disease’ presentations are eventually attributed to ADRs, emphasising
the importance of always taking a careful drug history (Box 2.7). Factors

accounting for the rising prevalence of ADRs are the increasing age of
patients, polypharmacy (higher risk of drug interactions), increasing avail-
ability of over-the-counter medicines, increasing use of herbal or tradi-
tional medicines and the increase in medicines available via the Internet
that can be purchased without a prescription from a health-care profes-
sional. Risk factors for ADRs are shown in Box 2.8.

ADRs are important because they reduce quality of life for patients,
reduce adherence to and therefore efficacy of beneficial treatments,
cause diagnostic confusion, undermine the confidence of patients in
their health-care professional(s) and consume health-care resources.

Retrospective analysis of ADRs has shown that more than half could have
been avoided if the prescriber had taken more care in anticipating the poten-
tial hazards of drug therapy. For example, non-steroidal anti-inflammatory
drug (NSAID) use accounts for many thousands of emergency admissions,
gastrointestinal bleeding episodes and a significant number of deaths. In
many cases, the patients are at increased risk due to their age, interacting
drugs (e.g. aspirin, warfarin) or a past history of peptic ulcer disease. Drugs
that commonly cause ADRSs are listed in Box 2.9.

Prescribers and their patients ideally want to know the frequency with
which ADRs occur for a specific drug. Although this may be well char-
acterised for more common ADRs observed in clinical trials, it is less
clear for rarely reported ADRs when the total numbers of reactions and
patients exposed are not known. The words used to describe frequency
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i 2.6 Examples of drug-mediated types I-IV hypersensitivity

reactions’
Type | (mediated by IgE antibodies and mast cell degranulation)
Acute anaphylaxis

Penicillins

Chemotherapy

Monoclonal antibodies
Neuromuscular blocking drugs

Type Il (mediated by IgM and IgG antibodies)
Haemolytic anaemia (latency less than 7 days)

e Methyldopa

e Penicillins

e (ephalosporins
* NSAIDs

© Quinidine/quinine

Neutropenia/agranulocytosis (latency days to weeks)

Antiarrhythmics
Antibiotics
NSAIDs
Antimalarials
Antithyroid drugs
Clozapine
Ticlopidine

Thrombocytopenia (latency 1-2 weeks)

e Carbamazepine
Heparin
Penicillins
Cephalosporins
NSAIDs
Quinidine/quinine
Thiazide diuretics

Type lll (mediated by immune complex deposition)
Glomerulonephritis, serum sickness, vasculitis

o Penicillins
e (ephalosporins
e Sulphonamides

Type IV (mediated by T cells)

Skin eruptions, including maculopapular rash, lichenoid or pemphigoid-like
reaction, drug rash with eosinophilia and systemic symptoms (DRESS), Stevens—
Johnson syndrome (SJS), toxic epidermal necrolysis (TEN)?

e Carbamazepine
e Abacavir

o Trimethoprim
e Dapsone

Drug-induced lupus

e Allopurinol
o Thiazide diuretics
e Hydralazine

"Type | is often known as ‘immediate’ hypersensitivity while types II-IV are known as ‘delayed’
hypersensitivity. 2See also Boxes 27.34 and 27.35.

can be misinterpreted by patients, but widely accepted meanings
include: very common (10% or more), common (1%-10%), uncommon
(0.1%-1%), rare (0.01%-0.1%) and very rare (0.01% or less).

Classification of ADRs

ADRs have traditionally been classified into two major groups:

e Type A (‘augmented’) ADRs. These are predictable from the known
pharmacodynamic effects of the drug and are dose-dependent,
common (detected early in drug development) and usually mild.
Examples include constipation caused by opioids, hypotension
caused by antihypertensives and dehydration caused by diuretics.

e Type B (‘bizarre’) ADRs. These are not predictable, are not obvi-
ously dose-dependent in the therapeutic range, are rare (remaining
undiscovered until the drug is marketed) and often severe. Patients
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YP 2.7 How to take a drug history

Information from the patient (or carer)

Use language that patients will understand (e.g. ‘medicines’ rather than ‘drugs’,

which may be mistaken for drugs of abuse) while gathering the following information:

e Current prescribed drugs, including formulations (e.g. modified-release tablets),
doses, routes of administration, frequency and timing, duration of treatment

e QOther medications that are often forgotten (e.g. contraceptives, over-the-counter
drugs, herbal remedies, vitamins)

e Drugs that have been taken in the recent past and reasons for stopping them

e Previous drug hypersensitivity reactions, their nature and time course (e.g. rash,
anaphylaxis)

e Previous ADRs, their nature and time course (e.g. ankle oedema with amlodipine)

e Adherence to therapy (e.g. ‘Are you taking your medication regularly?’)

Information from GP medical records and/or pharmacist

e Up-to-date list of medications
e Previous ADRs
e Last order dates for each medication

Inspection of medicines

e Drugs and their containers (e.g. blister packs, bottles, vials) should be inspected
for name, dosage and the number of dosage forms taken since dispensed

(ADR = adverse drug reaction)

i 2.8 Risk factors for adverse drug reactions

Patient factors

e Advanced age (e.g. low physiological reserve)

Gender (e.g. ACE inhibitor-induced cough in women)

Polypharmacy (e.g. drug interactions)

Genetic predisposition (see Box 2.5)

Hypersensitivity/allergy (e.g. p-lactam antibiotics)

Diseases altering pharmacokinetics (e.g. hepatic or renal impairment) or
pharmacodynamic responses (e.g. bladder instability)

e Adherence problems (e.g. cognitive impairment)

Drug factors

e Steep dose—response curve (e.g. insulin)
e Low therapeutic index (e.g. digoxin, cytotoxic drugs)

Prescriber factors

e Inadequate understanding of the principles of clinical pharmacology
¢ |nadequate knowledge of the patient

e |nadequate knowledge of the prescribed drug

¢ |nadequate instructions and warnings provided to patients

¢ |nadequate monitoring arrangements planned

(ACE = angiotensin-converting enzyme)

who experience type B reactions are generally ‘hyper-susceptible’
because of unpredictable immunological or genetic factors (e.g.
anaphylaxis caused by penicillin, peripheral neuropathy caused by
isoniazid in poor acetylators).

This simple classification has shortcomings, and a more detailed clas-
sification based on dose (see Fig. 2.2), timing and susceptibility (DoTS) is
now used by those analysing ADRs in greater depth (Box 2.10). The AB
classification can be extended as a reminder of some other types of ADR:

e Type C (‘chronic/continuous’) ADRs. These occur only after pro-
longed continuous exposure to a drug. Examples include osteopo-
rosis caused by glucocorticoids, retinopathy caused by (hydroxy)
chloroquine and tardive dyskinesia caused by phenothiazines.

e Type D (‘delayed’) ADRs. These are delayed until long after drug
exposure, making diagnosis difficult. Examples include malignancies
that may emerge after immunosuppressive treatment post-trans-
plantation (e.g. azathioprine, tacrolimus) and vaginal cancer occur-
ring many years after exposure to diethylstilboestrol.

e Type E (‘end-of-treatment’) ADRs. These occur after abrupt drug
withdrawal (see Box 2.3).
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i 2.9 Drugs that are common causes of adverse drug reactions

I 2.10 DoTS classification of adverse drug reactions

(e.g. amlodipine)

(e.g. ibuprofen)

Digoxin Nausea and anorexia
Bradycardia
Diuretics Dehydration
(e.g. furosemide, Electrolyte disturbance (hypokalaemia,
bendroflumethiazide) hyponatraemia)
Hypotension
Renal impairment
Insulin Hypoglycaemia
NSAIDs Gastrotoxicity (dyspepsia,

gastrointestinal bleeding)
Renal impairment

Opioid analgesics Nausea and vomiting
(e.g. morphine) Delirium
Constipation

(ACE = angiotensin-converting enzyme; NSAID = non-steroidal anti-inflammatory drug)

A teratogen is a drug with the potential to affect the development of
the fetus in the first 10 weeks of intrauterine life (e.g. phenytoin, warfa-
rin). The thalidomide disaster in the early 1960s highlighted the risk of
teratogenicity and led to mandatory testing of all new drugs. Congenital
defects in a live infant or aborted fetus should provoke suspicion of an
ADR and a careful exploration of maternal drug exposures (including
self-medication and herbal remedies).

I Detecting ADRs — pharmacovigilance

Type A ADRs become apparent early in the development of a new
drug. By the time a new drug is licensed and launched on to a possi-
ble worldwide market, however, a relatively small number of patients
(just several hundred) may have been exposed to it, meaning that
rarer but potentially serious type B ADRs may remain undiscovered.
Pharmacovigilance is the process of detecting (‘signal generation’)
and evaluating ADRs in order to help prescribers and patients to be
better informed about the risks of drug therapy. Drug regulatory agen-
cies may respond to this information by placing restrictions on the
licensed indications, reducing the recommended dose range, adding
special warnings and precautions for prescribers in the product litera-
ture, writing to all health-care professionals or withdrawing the product
from the market.

Voluntary reporting systems allow health-care professionals and
patients to report suspected ADRs to the regulatory authorities. A
good example is the ‘Yellow Card’ scheme that was set up in the UK

Drug or drug class Common adverse drug reactions Category Example
ACE inhibitors Renal impairment Dose
(e.g. lisinopril) Hyperkalaemia Below therapeutic dose Anaphylaxis with penicillin
Antibiotics Nausea In the therapeutic dose range Nausea with morphine
(e.g. amoxicillin) Diarrhosa At high doses Hepatotoxicity with paracetamol
Anticoagulants Bleeding Timing
(e.g. warfarin, heparin) With the first dose Anaphylaxis with penicillin
Anti hoti Fall Early stages of treatment Hyponatraemia with diuretics
n lphsxqc 0 'gsl Sa ds i On stopping treatment Benzodiazepine withdrawal syndrome
(6.9. haloperidol Del'a' fon Significantly delayed Clear-cell cancer with
elirium diethylstilboestrol

Aspirin Gastrotoxicity (dyspepsia, tibili : :

qastrointestinal blseding) Susceptibility See patient factors in Box 2.8
Benzodiazepines Drowsiness
(e.g. diazepam) Falls
3-blockers Cold peripheries
(e.g. atenolol) Bradycardia - ORI EIT - . ;

. analysis of sus| adverse drug reactions

Calcium channel blockers Ankle oedema I Y & J

start of drug therapy
and the reaction?

Factor Key question Comment
Temporal relationship ~ What is the time Most ADRs occur soon
interval between the after starting treatment

and within hours in the
case of anaphylactic
reactions

improve when the
drug is withdrawn or
the dose is reduced?

Re-challenge What happens when Re-challenge is rarely
the patient is re- possible because of the
challenged with the need to avoid exposing
drug? patients to unnecessary

risk

Exclusion Have concomitant ADR is a diagnosis of
drugs and other non-  exclusion following
drug causes been clinical assessment and
excluded? relevant investigations for

non-drug causes

Novelty Has the reaction been  The suspected ADR may
reported before? already be recognised

and mentioned in the
SPC approved by the
regulatory authorities

De-challenge Does the reaction Most, but not all,

ADRs improve on drug
withdrawal, although
recovery may be slow

(ADR = adverse drug reaction; SPC = summary of product characteristics)

in response to the thalidomide tragedy. Reports are analysed to assess
the likelihood that they represent a true ADR (Box 2.11). Although vol-
untary reporting is a continuously operating and effective early-warning
system for previously unrecognised rare ADRs, its weaknesses include
low reporting rates (only 3% of all ADRs and 10% of serious ADRs are
ever reported), an inability to quantify risk (because the ratio of ADRs
to prescriptions is unknown) and the influence of prescriber awareness
on likelihood of reporting (reporting rates rise rapidly following publicity
about potential ADRs).

More systematic approaches to collecting information on ADRs
include ‘prescription event monitoring’, in which a sample of prescribers
of a particular drug are issued with questionnaires concerning the clini-
cal outcome for their patients and the collection of population statistics.
Many health-care systems routinely collect patient-identifiable data on
prescriptions (a surrogate marker of exposure to a drug), health-care
events (e.g. hospitalisation, operations, new clinical diagnoses) and other
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clinical data (e.g. haematology, biochemistry). If these records can be
linked, with appropriate safeguards for confidentiality and data protec-
tion, they may provide a much more powerful mechanism for assessing
both the harms and benefits of drugs.

All prescribers will inevitably see patients experiencing ADRs caused
by prescriptions written by themselves or their colleagues. It is important
that these are recognised early. In addition to the features in Box 2.11,
features that should raise suspicion of an ADR and the need to respond
(by drug withdrawal, dosage reduction or reporting to the regulatory
authorities) include:

e concern expressed by a patient that a drug has harmed them

e abnormal clinical measurements (e.g. blood pressure, temperature,
pulse, blood glucose and weight) or laboratory results (e.g. abnor-
mal liver or renal function, low haemoglobin or white cell count) while
on drug therapy

* new therapy started that could be in response to an ADR (e.g. ome-
prazole, allopurinol, naloxone)

* the presence of risk factors for ADRs (see Box 2.8).
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Drug interactions

A drug interaction has occurred when the administration of one
drug increases or decreases the beneficial or adverse responses to
another drug. Although the number of potential interacting drug com-
binations is very large, only a small number are common in clinical
practice. Important drug interactions are most likely to occur when
the affected drug has a low therapeutic index, steep dose-response
curve, high first-pass or saturable metabolism, or a single mechanism
of elimination.

l Mechanisms of drug interactions

Pharmacodynamic interactions occur when two drugs produce additive,
synergistic or antagonistic effects at the same drug target (e.g. receptor,
enzyme) or physiological system (e.g. electrolyte excretion, heart rate).
These are the most common interactions in clinical practice and some
important examples are given in Box 2.12.

i 2.12 Common drug interactions

Mechanism Object drug

Precipitant drug

Result

Pharmaceutical*

Chemical reaction Sodium bicarbonate

Calcium gluconate

Precipitation of insoluble calcium carbonate

Pharmacokinetic

Reduced absorption Tetracyclines

Reduced protein binding Phenytoin Aspirin Increased unbound and reduced total phenytoin plasma
concentration
Reduced metabolism:
CYP3A4 Amiodarone Grapefruit juice Cardiac arrhythmias because of prolonged QT
interval (p. 418)
Warfarin Clarithromycin Enhanced anticoagulation
CYP2C19 Phenytoin Miconazole Phenytoin toxicity
CYP2D6 Haloperidol Fluoxetine Haloperidol toxicity
Xanthine oxidase Azathioprine Allopurinol Azathioprine toxicity

Monoamine oxidase Catecholamines

Calcium, aluminium and
magnesium salts

Monoamine oxidase inhibitors

Reduced tetracycline absorption

Hypertensive crisis due to monoamine toxicity

Increased metabolism (enzyme Ciclosporin St John’s wort Loss of immunosuppression
induction)
Reduced renal elimination Lithium Diuretics Lithium toxicity
Methotrexate NSAIDs Methotrexate toxicity
Pharmacodynamic
Direct antagonism at same receptor ~ Opioids Naloxone Reversal of opioid effects used therapeutically
Salbutamol Atenolol Inhibits bronchodilator effect
Direct potentiation in same organ Benzodiazepines Alcohol Increased sedation
system ACE inhibitors NSAIDs Increased risk of renal impairment
Indirect potentiation by actions in Digoxin Diuretics Digoxin toxicity enhanced because of hypokalaemia
different organ systems Warfarin Aspirin, NSAIDs Increased risk of bleeding because of gastrotoxicity and
antiplatelet effects
Diuretics ACE inhibitors Blood pressure reduction (may be therapeutically

advantageous) because of the increased activity of the
renin—angiotensin system in response to diuresis

*Pharmaceutical interactions are related to the formulation of the drugs and occur before drug absorption.

(ACE = angiotensin-converting enzyme; NSAID = non-steroidal anti-inflammatory drug)
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Pharmacokinetic interactions occur when the administration of a sec-
ond drug alters the concentration of the first at its site of action. There are
numerous potential mechanisms:

e Absorption interactions. Drugs that either delay (e.g. anticholinergic
drugs) or enhance (e.g. prokinetic drugs) gastric emptying influence
the rate of rise in plasma concentration of other drugs, but not the
total amount of drug absorbed. Drugs that bind to form insoluble
complexes or chelates (e.g. aluminium-containing antacids binding
with ciprofloxacin) can reduce drug absorption.

e Distribution interactions. Co-administration of drugs that compete
for protein binding in plasma (e.g. phenytoin and diazepam) can
increase the unbound drug concentration, but the effect is usually
short-lived due to increased elimination and hence restoration of the
pre-interaction equilibrium.

® Metabolism interactions. Many drugs rely on metabolism by different
isoenzymes of cytochrome P450 (CYP) in the liver. CYP enzyme
inducers (e.g. phenytoin, rifampicin) generally reduce plasma con-
centrations of other drugs, although they may enhance activation
of prodrugs. CYP enzyme inhibitors (e.g. clarithromycin, cimetidine,
grapefruit juice) have the opposite effect. Enzyme induction effects
usually take a few days to manifest because of the need to synthesise
new CYP enzyme, in contrast to the rapid effects of enzyme inhibition.

e Excretion interactions. These primarily affect renal excretion. For
example, drug-induced reduction in glomerular filtration rate (e.g.
diuretic-induced dehydration, angiotensin-converting enzyme (ACE)
inhibitors, NSAIDs) can reduce the clearance and increase the
plasma concentration of many drugs, including some with a low
therapeutic index (e.g. digoxin, lithium, aminoglycoside antibiotics).
Less commonly, interactions may be due to competition for a com-
mon tubular organic anion transporter (e.g. methotrexate excretion
may be inhibited by competition with NSAIDs).

J Avoiding drug interactions

Drug interactions are increasing as patients are prescribed more medi-
cines (polypharmacy). Prescribers can avoid the adverse consequences
of drug—drug interactions by taking a careful drug history (see Box 2.7)
before prescribing additional drugs, only prescribing for clear indications
and taking special care when prescribing drugs with a narrow therapeu-
tic index (e.g. warfarin). When prescribing an interacting drug is una-
voidable, good prescribers will seek further information and anticipate
the potential risk. This will allow them to provide special warnings for
the patient and arrange for monitoring, either of the clinical effects (e.g.
coagulation tests for warfarin) or of plasma concentration (e.g. digoxin).

Medication errors

A medication error is any preventable event that may lead to inappropri-
ate medication use or patient harm while the medication is in the control
of the health-care professional or patient. Errors may occur in prescrib-
ing, dispensing, preparing solutions, administration or monitoring. Many
ADRs are considered in retrospect to have been ‘avoidable’ with more
care or forethought; in other words, an adverse event considered by one
prescriber to be an unfortunate ADR might be considered by another to
be a prescribing error.

Medication errors are very common. Several thousand medication
orders are dispensed and administered each day in a medium-sized
hospital. Recent UK studies suggest that 7%-9% of hospital prescrip-
tions contain an error, and most are written by junior doctors. Common
prescribing errors in hospitals include omission of medicines (especially
failure to prescribe regular medicines at the point of admission or dis-
charge, i.e. ‘medicines reconciliation’), dosing errors, unintentional pre-
scribing and poor use of documentation (Box 2.13).

Most prescription errors result from a combination of failures by the
individual prescriber and the health-service systems in which they work

i 2.13 Hospital prescribing errors

Approximate

Error type % of total

Omission on admission

w
— | O

Underdose

Overdose

Strength/dose missing

Omission on discharge

Administration times incorrect/missing
Duplication

Product or formulation not specified
Incorrect formulation

No maximum dose

Unintentional prescribing
No signature
Clinical contraindication

Incorrect route

No indication

Intravenous instructions incorrect/missing
Drug not prescribed but indicated

Drug continued for longer than needed
Route of administration missing

Start date incorrect/missing

Risk of drug interaction
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<05
<05
<05
<05
<05
<05

Controlled drug requirements incorrect/missing
Daily dose divided incorrectly

Significant allergy

Drug continued in spite of adverse effects

Premature discontinuation

Failure to respond to out-of-range drug level

(Box 2.14). Health-care organisations increasingly encourage reporting
of errors within a ‘no-blame culture’ so that they can be subject to ‘root
cause analysis’ using human error theory (Fig. 2.5). Prevention is tar-
geted at the factors in Box 2.14 and can be supported by prescribers
communicating and cross-checking with colleagues (e.g. when calculat-
ing doses adjusted for body weight, or planning appropriate monitoring
after drug administration). Prescription errors may also be reduced by
clinical pharmacist support (e.g. to check the patient’s previous medica-
tions and current prescriptions) and electronic prescribing (which avoids
errors due to illegibility or serious dosing mistakes and may be combined
with a clinical decision support system to take account of patient char-
acteristics and drug history, and provide warnings of potential contrain-
dications and drug interactions).

I Responding when an error is discovered

All prescribers will make errors. When they do, their first duty is to pro-
tect the patient’s safety. This will involve a clinical review and the taking
of any steps that will reduce harm (e.g. remedial treatment, monitoring,
recording the event in the notes, informing colleagues). Patients should
be informed if they have been exposed to potential harm. For errors that
do not reach the patient, it is the prescriber’s duty to report them, so that
others can learn from the experience and take the opportunity to reflect
on how a similar incident might be avoided in the future.
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i 2.14 Causes of prescribing errors

Systems factors

Working hours of prescribers (and others)

Patient throughput

Professional support and supervision by colleagues
Availability of information (medical records)

Design of prescription forms

Distractions

Availability of decision support

Checking routines (e.g. clinical pharmacy)
Reporting and reviewing of incidents

Prescriber factors

Knowledge

e (linical pharmacology principles

e Drugs in common use

e Therapeutic problems commonly encountered
e Knowledge of workplace systems

Skills

e Taking a good drug history

e (Qbtaining information to support prescribing
e Communicating with patients
[ ]

Numeracy and calculations
Prescription writing
Attitudes
e Coping with risk and uncertainty
e Monitoring of prescribing
e (Checking routines

:

Slip

Prescription not
. as intended
Unintended Prescriber unaware
action
Correct plan known
but not executed
(Causes include
workload, time
pressures, distractions)

L

Lapse

Prescription incomplete
or forgotten
Prescriber may remember

Planned
action

Prescribing

Intended
outcome

Correct
action

Mistake

Prescription as intended
but written based on
the wrong principles or
lack of knowledge
Prescriber unaware

L

Intended
action

o

Wrong plan selected
(Causes include
poor training and

lack of experience)

Violation

L

Deliberate deviations
from standard practice
Prescriber aware

Fig. 2.5 Human error theory. Unintended errors may occur because the prescriber
fails to complete the prescription correctly (a slip; e.g. writes the dose in ‘mg’ not
‘micrograms’) or forgets part of the action that is important for success (a lapse; €.g.
forgets to co-prescribe folic acid with methotrexate); prevention requires the system
to provide appropriate checking routines. Intended errors occur when the prescriber
acts incorrectly due to lack of knowledge (a mistake; e.g. prescribes atenolol for a
patient with known severe asthma because of ignorance about the contraindication);
prevention must focus on training the prescriber.

Drug regulation and management

Given the powerful beneficial and potentially adverse effects of drugs, the
production and use of medicines are strictly regulated (e.g. by the Food
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i 2.15 Clinical development of new drugs

Phase |

e Healthy volunteers (20-80)

e These involve initial single-dose, ‘first-into-man’ studies, followed by
repeated-dose studies. They aim to establish the basic pharmacokinetic and
pharmacodynamic properties, and short-term safety

e Duration: 612 months

Phase Il

e Patients (100-200)

e These investigate clinical effectiveness (‘proof of concept’), safety and dose—
response relationship, often with a surrogate clinical endpoint, in the target
patient group to determine the optimal dosing regimen for larger confirmatory
studies

e Duration: 1-2 years

Phase Il

e Patients (100s—1000s)

e These are large, expensive clinical trials that confirm safety and efficacy in
the target patient population, using relevant clinical endpoints. They may be
placebo-controlled studies or comparisons with other active compounds

e Duration: 1-2 years

Phase IV

e Patients (100s-10005)

e These are undertaken after the medicine has been marketed for its first
indication to evaluate new indications, new doses or formulations, long-term
safety or cost-effectiveness

and Drug Administration in the United States, Medicines and Healthcare
Products Regulatory Agency in the UK, and Central Drugs Standard
Control Organisation in India). Regulators are responsible for licensing
medicines, monitoring their safety (pharmacovigilance), approving clinical
trials, and inspecting and maintaining standards of drug development
and manufacture.

In addition, because of the high costs of drugs and their adverse effects,
health-care services must prioritise their use in light of the evidence of their
benefit and harm, a process referred to as ‘medicines management’.

Drug development and marketing

Naturally occurring products have been used to treat illnesses for
thousands of years and some remain in common use today. Examples
include morphine from the opium poppy (Papaver somniferum), dig-
italis from the foxglove (Digitalis purpurea), curare from the bark of
a variety of species of South American trees, and quinine from the
bark of the Cinchona species. Although plants and animals remain a
source of discovery, the majority of new drugs come from drug dis-
covery programmes that aim to identify small-molecule compounds
with specific interactions with a molecular target that will induce a
predicted biological effect.

The usual pathway for development of these small molecules includes:
identifying a plausible molecular target by investigating pathways in dis-
ease; screening a large library of compounds for those that interact with
the molecular target in vitro; conducting extensive medicinal chemistry to
optimise the properties of lead compounds; testing efficacy and toxicity
of these compounds in vitro and in animals; and undertaking a clinical
development programme (Box 2.15). This process typically takes longer
than 10 years and may cost up to US$2 billion. Manufacturers have a
defined period of exclusive marketing of the drug while it remains pro-
tected by an original patent, typically 10-15 years, during which time
they must recoup the costs of developing the drug. Meanwhile, com-
petitor companies will often produce similar ‘me too’ drugs of the same
class. Once the drug’s patent has expired, ‘generic’ manufacturers may
step in to produce cheaper formulations of the drug. Paradoxically, if a
generic drug is produced by only one manufacturer, the price may actu-
ally rise, sometimes substantially.
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| 2.16 Novel therapeutic alternatives to conventional small-molecule drugs

relatively specific antibodies

Chronic inflammatory diseases (e.g. rheumatoid
arthritis, inflammatory bowel disease)

Approaches Therapeutic indications Challenges
Monoclonal antibodies
Targeting of receptors or other molecules with Cancer Selectivity of action

Complex manufacturing process

Small interfering RNA (siRNA)

Inhibition of gene expression Macular degeneration Delivery to target

Gene therapy

Delivery of modified genes that supplement or alter Cystic fibrosis Delivery to target

host DNA Cancer Adverse effects of delivery vector (e.g. virus)
Cardiovascular disease

Stem cell therapy
Stem cells differentiate and replace damaged host
cells

Parkinson’s disease
Spinal cord injury
Ischaemic heart disease

Delivery to target
Immunological compatibility
Long-term effects unknown

New therapeutic agents

The traditional approach of targeting membrane-bound receptors and
enzymes with small molecules (see Box 2.2) is now giving way to drug
development that focuses on new targets, such as complex second-
messenger systems, cytokines, nucleic acids and cellular networks
(Box 2.16). These require the development of novel therapeutic agents,
which are typically large molecules (e.g. human recombinant antibod-
ies) manufactured by biological processes (‘biologics’) (Fig. 2.6). These
present new challenges for ‘translational medicine’, the discipline of con-
verting scientific discoveries into a useful medicine with a well-defined
benefit-risk profile, and also for health-care providers and prescribers.

Manufacturers

There are multiple challenges at every stage of the development and
quality assurance of high-quality biological products. These include
the initial molecular cloning process, development of clone expres-
sion by stable cell lines, purification and characterisation procedures,
performing post-translation modifications, ensuring chemical stability,
deploying novel sensitive bio-analytical methods and meeting strin-
gent regulatory expectations. There are also new hurdles to overcome
in the clinical development phase, including definition of the clinical
indication with linked inclusion and exclusion criteria, study design
and appropriate comparator product, selecting the appropriate ther-
apeutic dose based on interpretation of pharmacokinetic/pharma-
codynamic (PK/PD) data, and addressing specific safety concerns
(notably immunogenicity) that arise after exposure to large biological
molecules.

Health services

Biological drugs are often much more expensive than conventional
synthetic molecules because of the complex manufacturing process
outlined above, but also because they often have much narrower indi-
cations for use based on specific molecular profiling of the recipients.
This means that the development costs have to be recouped from a rel-
atively smaller patient group. After the patent for the originator product
expires, other manufacturers may develop similar products (‘biosimi-
lars’) that have the same pharmacological actions, but are not com-
pletely identical because of inevitable differences that arise during a
complex manufacturing process (e.g. glycosylation). For that reason,
‘biosimilars’ are not considered to be ‘generic’ medications, although
they are usually considerably cheaper than the originator product.
Nevertheless, the use of expensive biological agents is subject to par-
ticular scrutiny with regard to cost-effectiveness and health services
may put additional requirements in place prior to access (e.qg. failure of
conventional treatments).

Prescribers

For prescribers there are some important considerations when assessing
the balance of beneficial and adverse effects of biologics, for example, the
use of recombinant antibodies for autoimmune inflammatory conditions.
Drugs such as infliximab or adalimumab carry a significantly increased
risk of infection when compared to classical disease-modifying anti-rheu-
matic drugs (cDMARDs) and this risk is increased by age, co-morbidities
and concomitant use of other immunosuppressant drugs (e.g. gluco-
corticoids). Patients should be protected with appropriate vaccinations
(e.g. influenza, pneumococcus) and treatment is contra-indicated in the
presence of active infection (e.g. hepatitis B, tuberculosis). The increased
immunogenicity of large biological molecules has two important conse-
quences. First, there is an increased chance of immediate and delayed
hypersensitivity reactions (see Box 2.6). Second, the development of anti-
drug antibodies can precipitate loss of effect. A recent Cochrane review
of exposure to nine commonly used biologics for up to 5 years concluded
that there was a 5% absolute increase in all adverse effects combined, a
1% absolute increase in risk of serious infection, but little or no increased
risk of cancer or other serious outcomes.

I Licensing new medicines

New drugs are given a ‘market authorisation’, based on the evidence of
quality, safety and efficacy presented by the manufacturer. The regulator
not only will approve the drug, but also will take great care to ensure
that the accompanying information reflects the evidence that has been
presented. The summary of product characteristics (SPC), or ‘label’,
provides detailed information about indications, dosage, adverse effects,
warnings and monitoring requirements. If approved, drugs can be made
available with different levels of restriction:

e Controlled drug (CD). These drugs are subject to strict legal controls
on supply and possession, usually due to their abuse potential (e.g.
opioid analgesics).

e Prescription-only medicine (PoM). These are available only from a
pharmacist and can be supplied only if prescribed by an appropriate
practitioner.

e Pharmacy (P). These are available only from a pharmacist, but can
be supplied without a prescription.

e General sales list (GSL). These medicines may be bought ‘over the
counter’ (OTC) from any shop and without a prescription.

Although the regulators take great care to agree the exact indica-
tions for prescribing a medicine, based on the evidence provided by the
manufacturer, there are some circumstances in which prescribers may
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Small-molecule drugs
e.g. allopurinol
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5000 - 50000 Da

Polypeptides
e.g. insulin, glucagon

S
& 150000 Da

Monoclonal antibodies
e.g. infliximab, adalimumab

1000000000000 Da

Blood products
e.g. red blood cells, white cells,
platelets

10000 - 500000 Da

Other proteins
e.g. interferons, enzymes,
cytokines
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1000000 Da

10000 Da 1000000000000 Da 50000000 Da
Gene therapies Antisense oligonucleotides Cell therapy Vaccines
e.g. alipogene tiparvovec e.g. nusinersin, inotersin e.g. CAR-T cells, embryonic e.g. Haemophilus, polio
stem cells

Fig. 2.6 The mechanism of action and molecular weight of various types of biologic therapies. [A] Monoclonal antibodies are synthesised proteins that act like human
antibodies in the immune system to sequester specific molecules involved in cell signalling (e.g. THF-alpha) or enhance the response to exogenous antigens. B Other proteins
include analoguss of cytokines involved in cell signalling and enzymes that increase the activity of metabolic pathways. | C | Polypeptides are typically analogues of endogenous
peptide hormones. @ Blood products are given as replacement for natural blood constituents. E Gene therapies are used to regulate, repair, replace, add to, or remove

a nucleic acid sequence in native DNA. [F] Antisense oligonucleotides are short, synthetic, single-stranded oligodeoxynucleotides that can alter RNA and reduce, restore, or
modify protein expression. @ Cell therapies include injection of cells that replace damaged cells (e.g. embryonic stem cells) or manipulated immune cells that are targeted
against cancer cells (e.9. CAR-T cells). [H] Vaccines are used to stimulate the immune system to respond to and remember specific antigens associated with viral or bacterial
infections. (CAR-T cells = chimeric antigen recipient T cells; Da = Daltons; mRNA = messenger ribonucleic acid; TNF = tumour necrosis factor)

direct its use outside the terms stated in the SPC (‘off-label’ prescribing).
Common situations where this might occur include prescribing outside
the approved age group (e.g. prescribing for children) or using an alter-
native formulation (e.g. administering a medicine provided in a solid form
as an oral solution). Other important examples might include prescribing
for an indication for which there are no approved medicines or where all
of the approved medicines have caused unacceptable adverse effects.
Occasionally, medicines may be prescribed when there is no marketing
authorisation in the country of use. Examples include when a medicine
licensed in another country is imported for use for an individual patient
(‘unlicensed import’) or when a patient requires a specific preparation of
a medicine to be manufactured (‘unlicensed special’). When prescribing
is ‘off-label’ or ‘unlicensed’, there is an increased requirement for pre-
scribers to be able to justify their actions and to inform and agree the
decision with the patient.

N Drug marketing

The marketing activities of the pharmaceutical industry are well resourced
and are important in the process of recouping the massive costs of drug
development. In some countries, such as the United States, it is possible
to promote a new drug by direct-to-consumer advertising, although this
is illegal in the UK and countries of the European Union. A major focus

| is on promotion to prescribers via educational events, sponsorship of

meetings, advertisements in journals, involvement with opinion leaders
and direct contact by company representatives. Such largesse has the
potential to cause significant conflicts of interest and might tempt pre-
scribers to favour one drug over another, even in the face of evidence on
effectiveness or cost-effectiveness.

Managing the use of medicines

Many medicines meet the three key regulatory requirements of quality,
safety and efficacy. Although prescribers are legally entitled to prescribe
any of them, it is desirable to limit the choice so that treatments for spe-
cific diseases can be focused on the most effective and cost-effective
options, prescribers (and patients) gain familiarity with a smaller number
of medicines, and pharmacies can concentrate stocks on them.

The process of ensuring optimal use of available medicines is known
as ‘medicines management’ or ‘quality use of medicines’. It involves
careful evaluation of the evidence of benefit and harm from using the
medicine, an assessment of cost-effectiveness and support for pro-
cesses to implement the resulting recommendations. These activities
usually involve both national (e.g. National Institute for Health and Care
Excellence (NICE) in the UK) and local organisations (e.g. drug and ther-

| apeutics committees).
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Fig. 2.7 Systematic review of the evidence from randomised controlled
clinical trials. This forest plot shows the effect of warfarin compared with placebo
on the likelihood of stroke in patients with atrial fibrillation in five randomised
controlled trials that passed the quality criteria required for inclusion in a meta-
analysis. For each trial, the purple box is proportionate to the number of participants.
The tick marks show the mean odds ratio and the black lines indicate its 95%
confidence intervals. Note that not all the trials showed statistically significant effects
(i.e. the confidence intervals cross 1.0). However, the meta-analysis, represented

by the black diamond, confirms a highly significant statistical benefit. The overall
odds ratio is approximately 0.4, indicating a mean 60% risk reduction with warfarin
treatment in patients with the characteristics of the participants in these trials.

J} Evaluating evidence

Drugs are often evaluated in high-quality randomised controlled trials,
the results of which can be considered in systematic reviews (Fig. 2.7).
Ideally, data are available not only for comparison with placebo, but also
for ‘head-to-head’ comparison with alternative therapies. Trials are con-
ducted in selected patient populations and so may not be representative
of every clinical scenario; therefore, extrapolation to individual patients
is not always straightforward. Other subtle bias may be introduced
because of the sources of funding (e.g. pharmaceutical industry) and
the interests of the investigators in being involved in research that has a
‘positive’ impact. These biases may be manifest in the way the trials are
conducted or in how they are interpreted or reported. A common exam-
ple of the latter is the difference between relative and absolute risk of clin-
ical events reported in prevention trials. If a clinical event is encountered
in the placebo arm at a rate of 1 in 50 patients (2%), but only 1 in 100
patients (1%) in the active treatment arm, then the impact of treatment
can be described as either a 50% relative risk reduction or 1% absolute
risk reduction. Although the former sounds more impressive, it is the
latter that is of more importance to the individual patient. It means that
the number of patients that needed to be treated (NNT) for 1 to benefit
(compared to placebo) was 100. This illustrates how large clinical trials of
new medicines can produce highly statistically significant and impressive
relative risk reductions and still predict a very modest clinical impact.

J Evaluating cost-effectiveness

New drugs often represent an incremental improvement over the current
standard of care, but are usually more expensive. Health-care budgets are
limited in every country and so it is impossible to fund all new medicines.
This means that very difficult financial decisions have to be taken with
due regard to the principles of ethical justice. The main approach taken is
cost-effectiveness analysis (CEA), where a comparison is made between
the relative costs and outcomes of different courses of action. CEA is usu-
ally expressed as a ratio where the denominator is a gain in health and the
numerator is the cost associated with the health gain. A major challenge is
to compare the value of interventions for different clinical outcomes. One
method is to calculate the quality-adjusted life years (QALYs) gained if the
new drug is used rather than standard treatment. This analysis involves
estimating the ‘utility’ of various health states between 1 (perfect health)
and 0 (dead). If the additional costs and any savings are known, then it is

| 2.17 Cost-effectiveness analysis

A clinical trial lasting 2 years compares two interventions for the treatment of colon

cancer:

o Treatment A: standard treatment, cost £1000/year, oral therapy

o Treatment B: new treatment, cost £6000/year, monthly intravenous infusions,
often followed by a week of nausea.

The new treatment (B) significantly increases the average time to progression
(18 months versus 12 months) and reduces overall mortality (40% versus
60%). The health economist models the survival curves from the trial in order to
undertake a cost—utility analysis and concludes that:

o Intervention A: allows an average patient to live for 2 extra years at a utility

0.7 = 1.4 QALYs (cost £2000)

e Intervention B: allows an average patient to live for 3 extra years at a utility

0.6 = 1.8 QALYs (cost £18 000).

The health economists conclude that treatment B provides an extra 0.4 QALYs
at an extra cost of £16 000, meaning that the ICER = £40000/QALY. They
recommend that the new treatment should not be funded on the basis that their
threshold for cost acceptability is £30 000/QALY.

(ICER = incremental cost-effectiveness ratio; QALY = quality-adjusted life year)

possible to derive the incremental cost-effectiveness ratio (ICER) in terms
of cost/QALY. These principles are exemplified in Box 2.17. There are,
however, inherent weaknesses in this kind of analysis: it usually depends
on modelling future outcomes well beyond the duration of the clinical trial
data; it assumes that QALYs gained at all ages are of equivalent value;
and the appropriate standard care against which the new drug should be
compared is often uncertain.

These pharmacoeconomic assessments are challenging and
resource-intensive, and are undertaken at national level in most coun-
tries, e.g. in the UK by NICE.

I Implementing recommendations

Many recommendations about drug therapy are included in clinical guide-
lines written by an expert group after systematic review of the evidence.
Guidelines provide recommendations rather than obligations for prescribers
and are helpful in promoting more consistent and higher-quality prescrib-
ing. They are often written without concern for cost-effectiveness, however,
and may be limited by the quality of available evidence. Guidelines cannot
anticipate the extent of the variation between individual patients who may,
for example, have unexpected contraindications to recommended drugs
or choose different priorities for treatment. When deviating from respected
national guidance, prescribers should be able to justify their practice.
Additional recommendations for prescribing are often implemented
locally or imposed by bodies responsible for paying for health care. Most
health-care units have a drug and therapeutics committee (or equivalent)
comprised of medical staff, pharmacists and nurses, as well as manag-
ers (because of the implications of the committee’s work for governance
and resources). This group typically develops local prescribing policy and
guidelines, maintains a local drug formulary and evaluates requests to
use new drugs. The local formulary contains a more limited list than any
national formulary (e.g. British National Formulary) because the latter lists
all licensed medicines that can be prescribed legally, while the former
contains only those that the health-care organisation has approved for
local use. The local committee may also be involved, with local special-
ists, in providing explicit protocols for management of clinical scenarios.

Prescribing in practice

Decision-making in prescribing

Prescribing should be based on a rational approach to a series of chal-
lenges (see Box 2.1).

uploaded by medbooksvn


https://medbooksvn.org/medbooksvn-free-medical-books/

N Making a diagnosis

Ideally, prescribing should be based on a confirmed diagnosis but, in
reality, many prescriptions are based on the balance of probability, taking
into account the differential diagnosis (e.g. proton pump inhibitors for
post-prandial retrosternal discomfort).

I Establishing the therapeutic goal

The goals of treatment are usually clear, particularly when relieving symp-
toms (e.g. pain, nausea, constipation). Sometimes the goal is less obvi-
ous to the patient, especially when aiming to prevent future events (e.g.
ACE inhibitors to prevent hospitalisation and extend life in chronic heart
failure). Prescribers should be clear about the therapeutic goal against
which they will judge success or failure of treatment. It is also important
to establish that the value placed on this goal by the prescriber is shared
by the patient (concordance).

I Choosing the therapeutic approach

For many clinical problems, drug therapy is not absolutely mandated.
Having taken the potential benefits and harms into account, prescribers
must consider whether drug therapy is in the patient’s interest and is
preferred to no treatment or one of a range of alternatives (e.g. physio-
therapy, psychotherapy, surgery). Assessing the balance of benefit and
harm is often complicated and depends on various features associated
with the patient, disease and drug (Box 2.18).

l Choosing a drug

For most common clinical indications (e.g. type 2 diabetes, depression),
more than one drug is available, often from more than one drug class.
Although prescribers often have guidance about which represents the
rational choice for the average patient, they still need to consider whether
this is the optimal choice for the individual patient. Certain factors may
influence the choice of drug:

Absorption

Patients may find some formulations easier to swallow than others or
may be vomiting and require a drug available for parenteral administration.

Distribution

Distribution of a drug to a particular tissue sometimes dictates choice
(e.g. tetracyclines and rifampicin are concentrated in the bile, and linco-
mycin and clindamycin in bones).

Metabolism

Drugs that are extensively metabolised should be avoided in severe liver
disease (e.g. opioid analgesics).

Excretion

Drugs that depend on renal excretion for elimination (e.g. digoxin, amino-
glycoside antibiotics) should be avoided in patients with impaired renal
function if suitable alternatives exist.

Efficacy

Prescribers normally choose drugs with the greatest efficacy in achieving
the goals of therapy (e.g. proton pump inhibitors rather than H,-receptor

2.18 Factors to consider when balancing benefits and harms

of drug therapy

o Seriousness of the disease or symptom

o Efficacy of the drug

e Seriousness of potential adverse effects

o Likelihood of adverse effects

o Efficacy of alternative drugs or non-drug therapies
o Safety of alternative drugs or non-drug therapies
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antagonists). It may be appropriate, however, to compromise on efficacy
if other drugs are more convenient, safer to use or less expensive.

Avoiding adverse effects

Prescribers should be wary of choosing drugs that are more likely to
cause adverse effects (e.g. cephalosporins rather than alternatives
for patients allergic to penicillin) or worsen coexisting conditions (e.g.
B-blockers as treatment for angina in patients with asthma).

Features of the disease

This is most obvious when choosing antibiotic therapy, which should be
based on the known or suspected sensitivity of the infective organism.

Severity of disease

The choice of drug should be appropriate to disease severity (e.g. par-
acetamol for mild pain, morphine for severe pain).

Coexisting disease

This may be either an indication or a contraindication to therapy.
Hypertensive patients might be prescribed a p-blocker if they also have
left ventricular impairment, but not if they have asthma.

Avoiding adverse drug interactions

Prescribers should avoid giving combinations of drugs that might inter-
act, either directly or indirectly (see Box 2.12).

Patient adherence to therapy

Prescribers should choose drugs with a simple dosing schedule or eas-
ier administration (e.g. the ACE inhibitor lisinopril once daily rather than
captopril 3 times daily for hypertension).

Cost

Prescribers should choose the cheaper drug (e.g. a generic or biosimilar) if
two drugs are of equal efficacy and safety. Even if cost is not a concemn for
the individual patient, it is important to remember that unnecessary expendi-
ture will ultimately limit choices for other prescribers and patients. Sometimes
a more costly drug may be appropriate (e.g. if it yields improved adherence).

Genetic factors

There are already a small number of examples where genotype influ-
ences the choice of drug therapy (see Box 2.5).

l Choosing a dosage regimen

Prescribers have to choose a dose, route and frequency of administra-
tion (dosage regimen) to achieve a steady-state drug concentration that
provides sufficient exposure of the target tissue without producing toxic
effects. Manufacturers draw up dosage recommendations based on
average observations in many patients, but the optimal regimen that will
maximise the benefit to harm ratio for an individual patient is never cer-
tain. Rational prescribing involves treating each prescription as an exper-
iment and gathering sufficient information to amend it if necessary. There
are some general principles that should be followed, as described below.

Dose titration

Prescribers should generally start with a low dose and titrate this slowly
upwards as necessary. This cautious approach is particularly important if the
patient is likely to be more sensitive to adverse pharmacodynamic effects
(e.g. delirium or postural hypotension in the elderly), if there may be altered
pharmacokinetic handling (e.g. renal or hepatic impairment) and when using
drugs with a low therapeutic index (e.g. benzodiazepines, lithium, digoxin).
However, there are some exceptions. Some drugs must achieve therapeu-
tic concentration quickly because of the clinical circumstance (e.g. antibiot-
ics, glucocorticoids, carbimazole). When early effect is important, but there
may be a delay in achieving steady state because of a drug’s long half-life
(e.g. digoxin, warfarin, amiodarone), an initial loading dose is given prior to

| establishing the appropriate maintenance dose (see Fig. 2.4).
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| 2.19 Factors influencing the route of drug administration

Reason

Example

Only one route possible Dobutamine (IV)

Gliclazide (oral)

Patient adherence Phenothiazines and thioxanthenes (2
weekly IM depot injections rather than
daily tablets, in schizophrenia)

Poor absorption Furosemide (IV rather than oral, in
severe heart failure)

Rapid action Haloperidol (IM rather than oral, in
acute behavioural disturbance)

Vomiting Phenothiazines (PR or buccal rather

than oral, in nausea)

Glyceryl trinitrate (SL, in angina
pectoris)

Amoxicillin (IV rather than oral, in acute
chest infection)

Bronchodilators (INH rather than oral,

Avoidance of first-pass
metabolism

Certainty of effect

Direct access to the site of

action (avoiding unnecessary in asthma)
systemic exposure) Local application of drugs to skin,
eyes etc.

Ease of access Diazepam (PR, if IV access is difficult
in status epilepticus)
Adrenaline (epinephrine) (IM, if IV

access is difficult in acute anaphylaxis)

Morphine (SC rather than IV in terminal
care)

Comfort

(IM = intramuscular; INH = by inhalation; IV = intravenous; PR = per rectum; SC =
subcutaneous; SL = sublingual)

If adverse effects occur, the dose should be reduced or an alternative
drug prescribed; in some cases, a lower dose may suffice if it can be
combined with another synergistic drug (e.g. the immunosuppressant
azathioprine reduces glucocorticoid requirements in patients with inflam-
matory disease). It is important to remember that the shape of the dose—
response curve (see Fig. 2.2) means that higher doses may produce
little added therapeutic effect and might increase the chances of toxicity.

Route

There are many reasons for choosing a particular route of administration
(Box 2.19).

Frequency

Frequency of doses is usually dictated by a manufacturer’s recommen-
dation. Less frequent doses are more convenient for patients, but result
in greater fluctuation between peaks and troughs in drug concentration
(see Fig. 2.4). This is relevant if the peaks are associated with adverse
effects (e.g. dizziness with antihypertensives) or the troughs are associ-
ated with troublesome loss of effect (e.g. anti-Parkinsonian drugs). These
problems can be tackled either by splitting the dose or by employing a
modified-release formulation, if available.

Timing

For many drugs the time of administration is unimportant. There are
occasionally pharmacokinetic or therapeutic reasons, however, for giving
drugs at particular times (Box 2.20).

Formulation

For some drugs there is a choice of formulation, some for use by different
routes. Some are easier to ingest, particularly by children (e.g. elixirs). The
formulation is important when writing repeat prescriptions for drugs with

a low therapeutic index that come in different formulations (e.g. lithium,
phenytoin, theophylling). Even if the prescribed dose remains constant,
an alternative formulation may differ in its absorption and bioavailabil-
ity, and hence plasma drug concentration. These are examples of the
small number of drugs that should be prescribed by specific brand name
rather than ‘generic’ international non-proprietary name (INN).

Duration

Some drugs require a single dose (e.g. thrombolysis post-myocardial
infarction), while for others the duration of the course of treatment is cer-
tain at the outset (e.g. antibiotics). For most, the duration will be largely
at the prescriber’s discretion and will depend on response and disease
progression (e.g. analgesics, antidepressants). For many, the treatment
will be long-term (e.g. insulin, antihypertensives, levothyroxine).

N Involving the patient

Patients should, whenever possible, be engaged in making choices
about drug therapy. Their beliefs and expectations affect the goals of
therapy and help in judging the acceptable benefit/harm balance when
selecting treatments. Very often, patients may wish to defer to the pro-
fessional expertise of the prescriber. Nevertheless, they play key roles in
adherence to therapy and in monitoring treatment, not least by providing
early warning of adverse events. It is important for them to be provided
with the necessary information to understand the choice that has been
made, what to expect from the treatment, and any measurements that
must be undertaken (Box 2.21).

A major drive to include patients has been the recognition that up to
half of the drug doses for chronic preventative therapy are not taken.
This is often termed ‘non-compliance’, but is more appropriately called
‘non-adherence’, to reflect a less paternalistic view of the doctor—patient
relationship; it may or may not be intentional. Non-adherence to the dose
regimen reduces the likelihood of benefits to the patient and can be costly
in terms of wasted medicines and unnecessary health-care episodes. An
important reason may be lack of concordance with the prescriber about
the goals of treatment. A more open and shared decision-making process
might resolve any misunderstandings at the outset and foster improved
adherence, as well as improved satisfaction with health-care services and
confidence in prescribers. Considerable efforts are now made to help
patients to access the reliable information they require to engage more
fully with clinicians. Patient-focused websites and leaflets provided by
national services, local health-care providers and charities are increasingly
supplementing the Patient Information Leaflet (PIL) approved by the regu-
latory authorities and supplied with all medicines. Fully engaging patients
in shared decision-making is sometimes constrained by various factors,
such as limited consultation time, language barriers and challenges in
communicating complex numerical data.

I Writing the prescription

The culmination of the planning described above is writing an accurate
and legible prescription so that the drug will be dispensed and adminis-
tered as planned (see ‘Writing prescriptions’ below).

I Monitoring treatment effects

Rational prescribing involves monitoring for the beneficial and adverse
effects of treatment so that the balance remains in favour of a positive
outcome (see ‘Monitoring drug therapy’ below).

l Stopping drug therapy

It is also important to review long-term treatment at regular intervals
to assess whether continued treatment is required. Elderly patients
are keen to reduce their medication burden and are often prepared to
compromise on the original goals of long-term preventative therapy to
achieve this.
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l 2.20 Factors influencing the timing of drug therapy

Drug Recommended timing
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Reasons

Diuretics (e.g. furosemide) Once in the morning

Night-time diuresis undesirable

Statins (e.g. simvastatin) Once at night

HMG CoA reductase activity is greater at night

Antidepressants (e.g. amitriptyline) Once at night

Allows adverse effects to occur during sleep

Salbutamol Before exercise Reduces symptoms in exercise-induced asthma
Glyceryl trinitrate When required Relief of acute symptoms only

Paracetamol

Regular nitrate therapy (e.g. isosorbide Eccentric dosing regimen (e.g. twice daily at 8 a.m. Reduces development of nitrate tolerance by
mononitrate) and 2 p.m.) allowing drug-free period each night

Aspirin With food Minimises gastrotoxic effects

Alendronate Once in the morning before breakfast, sitting upright ~ Minimises risk of oesophageal irritation

Tetracyclines

2 hours before or after food or antacids

Divalent and trivalent cations chelate tetracyclines,
preventing absorption

Hypnotics (e.g. temazepam) Once at night

Maximises therapeutic effect and minimises daytime
sedation

Antihypertensive drugs (e.g. amlodipine) Once in the morning

Blood pressure is higher during the daytime

(HMG CoA = 3-hydroxy-3-methylglutaryl-coenzyme A)

l 2.21 What patients need to know about their medicines*

Knowledge Comment

The reason for taking the medicine
How the medicine works

Reinforces the goals of therapy

How to take the medicine
osteoporosis) of treatment

May be important for the effectiveness (e.g. inhaled salbutamol in asthma) and safety (e.g. alendronate for

What benefits to expect

May help to support adherence or prompt review because of treatment failure

What adverse effects might occur

Discuss common and mild effects that may be transient and might not require discontinuation
Mention rare but serious effects that might influence the patient’s consent

Precautions that improve safety

Explain symptoms to report that might allow serious adverse effects to be averted, monitoring that will be required and
potentially important drug—drug interactions

When to return for review

This will be important to enable monitoring

*Many medicines are provided with patient information leaflets, which the patient should be encouraged to read.

Prescribing in special circumstances

I Prescribing for patients with renal disease

Patients with renal impairment are identified by a low estimated glomer-
ular filtration rate (EGFR <60 mL/min/1.73m?), based on their serum cre-
atinine, age, sex and ethnic group (see Box 18.1). This group includes
a large proportion of elderly patients. If a drug (or its active metabolites)
is eliminated predominantly by the kidneys, it will tend to accumulate
and so the maintenance dose must be reduced. For some drugs, renal
impairment makes patients more sensitive to their adverse pharmacody-
namic effects. Examples of drugs that require extra caution in patients
with renal disease are listed in Box 2.22.

I Prescribing for patients with hepatic disease

The liver has a large capacity for drug metabolism and hepatic insuf-
ficiency has to be advanced before drug dosages need to be modi-
fied. Patients who may have impaired metabolism include those with
jaundice, ascites, hypoalbuminaemia, malnutrition or encephalopathy.
Hepatic drug clearance may also be reduced in acute hepatitis, in

hepatic congestion due to cardiac failure and in the presence of intra-
hepatic arteriovenous shunting (e.g. in hepatic cirrhosis). There are no
good tests of hepatic drug-metabolising capacity or of biliary excre-
tion, so dosage should be guided by the therapeutic response and
careful monitoring for adverse effects. The presence of liver disease
also increases the susceptibility to adverse pharmacological effects of
drugs. Some drugs that require extra caution in patients with hepatic
disease are listed in Box 2.22.

[ Prescribing for older patients

The issues around prescribing in old age are discussed in Box 2.23.

Prescribing for women who are pregnant or
breastfeeding

Prescribing in pregnancy should be avoided if possible to minimise the
risk of adverse effects in the fetus. Drug therapy in pregnancy may,
however, be required either for a pre-existing problem (e.g. epilepsy,
asthma, hypothyroidism) or for problems that arise during pregnancy
(e.g. morning sickness, anaemia, prevention of neural tube defects,
gestational diabetes, hypertension). About 35% of women take drug
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renal or hepatic disease

Kidney disease

i 2.22 Some drugs that require extra caution in patients with

Liver disease

Pharmacodynamic effects enhanced

ACE inhibitors and ARBs (renal
impairment, hyperkalaemia)
Metformin (lactic acidosis)
Spironolactone (hyperkalaemia)
NSAIDs (impaired renal function)
Sulphonylureas (hypoglycaemia)

Warfarin (increased anticoagulation
because of reduced clotting factor
synthesis)

Metformin (lactic acidosis)
Chloramphenicol (bone marrow
suppression)

Insulin (hypoglycaemia) NSAIDs (gastrointestinal bleeding,
fluid retention)
Sulphonylureas (hypoglycaemia)

Benzodiazepines (coma)
Pharmacokinetic handling altered (reduced clearance)

Aminoglycosides (e.g. gentamicin) Phenytoin

Vancomycin Rifampicin

Other antibiotics (e.g. ciprofloxacin) Propranolol

Digoxin Warfarin

Lithium Diazepam

Atenolol Lidocaine

Allopurinol Opioids (e.g. morphine)
Cephalosporins

Methotrexate

Opioids (e.g. morphine)

(ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blocker; NSAID = non-
steroidal anti-inflammatory drug)

therapy at least once during pregnancy and 6% take drug therapy
during the first trimester (excluding iron, folic acid and vitamins). The
most commonly used drugs are simple analgesics, antibacterial drugs
and antacids. Some considerations when prescribing in pregnancy are
listed in Box 2.24.

Drugs that are excreted in breast milk may cause adverse effects in the
baby. Prescribers should always consult the SPC for each drug or a relia-
ble formulary when treating a pregnant woman or breastfeeding mother.

Writing prescriptions

A prescription is a means by which a prescriber communicates the
intended plan of treatment to the pharmacist who dispenses a med-
icine and to a nurse or patient who administers it. It should be pre-
cise, accurate, clear and legible. The two main kinds of prescription
are those written, dispensed and administered in hospital and those
written in primary care (in the UK by a GP), dispensed at a community
pharmacy and self-administered by the patient. The information sup-
plied must include:

e the date

¢ the identification details of the patient

e the name of the drug

e the formulation

e the dose

¢ the frequency of administration

¢ the route and method of administration

e the amount to be supplied (primary care only)
e instructions for labelling (primary care only)

* the prescriber’s signature.

J Prescribing in hospital

Although primary care prescribing is increasingly electronic, many hos-
pital prescriptions continue to be based around the prescription and
administration record (the ‘drug chart’) (Fig. 2.8). A variety of charts are

£

¢ Reduced drug elimination: partly due to impaired renal function.
¢ Increased sensitivity to drug effects: notably in the brain (leading to sedation
or delirium) and as a result of comorbidities.
* More drug interactions: largely as a result of polypharmacy.
* Lower starting doses and slower dose titration: often required, with careful
monitoring of drug effects.
¢ Drug adherence: may be poor because of cognitive impairment, difficulty
swallowing (dry mouth) and complex polypharmacy regimens. Supplying
medicines in pill organisers (e.g. dosette boxes or calendar blister packs),
providing automatic reminders, and regularly reviewing and simplifying the drug
regimen can help.
* Some drugs that require extra caution, and their mechanisms:
Digoxin: increased sensitivity of Na*/K* pump; hypokalaemia due to
diuretics; renal impairment favours accumulation—increased risk of toxicity.
Antihypertensive drugs: reduced baroreceptor function—increased risk of
postural hypotension.
Antidepressants, hypnotics, sedatives, tranquillisers: increased sensitivity of
the brain; reduced metabolism—increased risk of toxicity.
Warfarin: increased tendency to falls and injury and to bleeding from intra-
and extracranial sites; increased sensitivity to inhibition of clotting factor
synthesis—increased risk of bleeding.
Amitriptyline, diltiazem, lidocaine, metoprolol, morphine, propranolol,
theophylline: metabolism reduced—increased risk of toxicity.
Non-steroidal anti-inflammatory drugs: poor renal function—increased risk
of renal impairment; susceptibility to gastrotoxicity—increased risk of upper
gastrointestinal bleeding.

@ 2.24 Prescribing in pregnancy

¢ Teratogenesis: a potential risk, especially when drugs are taken between 2
and 8 weeks of gestation (4—10 weeks from last menstrual period). Common
teratogens include retinoids (e.g. isotretinoin), cytotoxic drugs, angiotensin-
converting enzyme inhibitors, antiepileptics (e.g. sodium valproate) and warfarin. If
there is inadvertent exposure, then the timing of conception should be established,
counselling given and investigations undertaken for fetal abnormalities.

o Adverse fetal effects in late gestation: e.g. tetracyclines may stain growing
teeth and bones; sulphonamides displace fetal bilirubin from plasma proteins,
potentially causing kernicterus; opioids given during delivery may be associated
with respiratory depression in the neonate.

¢ Altered maternal pharmacokinetics: extracellular fluid volume and V,
increase. Plasma albumin falls but other binding globulins (e.g. for thyroid and
steroid hormones) increase. Glomerular filtration increases by approximately
70%, enhancing renal clearance. Placental metabolism contributes to increased
clearance, e.g. of levothyroxine and glucocorticoids. The overall effect is a fall in
plasma concentration of many drugs.

e In practice:

Avoid any drugs unless the risk:benefit analysis is in favour of treating
(usually the mother).

Use drugs for which there is some record of safety in humans.

Use the lowest dose for the shortest time possible.

Choose the least harmful drug if alternatives are available.

in use and prescribers must familiarise themselves with the local version.
Most contain the following sections:

® Basic patient information: will usually include name, age, date of
birth, hospital number and address. These details are often ‘filled
in” using a sticky addressograph label, but this increases the risk of
SEerious error.

* Previous adverse reactions/allergies: communicates important
patient safety information based on a careful drug history and/or the
medical record.

e Other medicines charts: notes any other hospital prescription doc-
uments that contain current prescriptions being received by the
patient (e.g. anticoagulants, insulin, oxygen, fluids).

® Once-only medications: for prescribing medicines to be used
infrequently, such as single-dose prophylactic antibiotics and other
pre-operative medications.
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* Regular medications: for prescribing medicines to be taken for a
number of days or continuously, such as a course of antibiotics or
antihypertensive drugs.

‘As required’ medications: for prescribing for symptomatic relief,
usually to be administered at the discretion of the nursing staff (e.g.

antiemetics, analgesics).

Prescribers should be aware of the risks of prescription error (Box 2.25
and see Box 2.14), ensure they have considered the rational basis for their
prescribing decision and then follow the guidance illustrated in Figure 2.8 in
order to write the prescription. It is a basic principle that a prescription will
be followed by a judgement as to its success or failure and any appropriate
changes made (e.g. altered dosage, discontinuation or substitution).

Hospital discharge (‘to take out’) medicines

Most patients will be prescribed a short course of their medicines
at discharge. This prescription is particularly important because it

(]
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usually informs future therapy at the point of transfer of prescribing
responsibility to primary care. Great care is required to ensure that this
list is accurate. It is particularly important to ensure that any hospital
medicines that should be stopped are not included and that those
intended to be administered for a short duration only are clearly iden-
tified. It is also important for any significant ADRs experienced in hos-
pital to be recorded and any specific monitoring or review identified.

l Prescribing in primary care

Most of the considerations above are equally applicable to primary care
(GP) prescriptions. In many health-care systems, community prescrib-
ing is electronic, making issues of legibility irrelevant and often providing
basic decision support to limit the range of doses that can be written and
highlight potential drug interactions. Important additional issues more rel-
evant to GP prescribing are:

INISTRATION RECORD

Chart

| Standard
Hospital/Ward: WZG Consultant: megﬂ,
Weight: 78 Kj Height: 1.84

If rewritten, date: T4, 2,22
DISCHARGE PRESCRIPTION

Name of patient: joM!W
Hospital number: waﬂsszzsgg

e 16/10/6%

(Attach printed label here)

Date completed:-

OTHER MEDICINES CHARTS

Completed by:-

PREVIOUS ADVERSE REACTIONS

(This must be completed before prescribing on this chart)

; : :
| Type of chart Completed by | Date

Date Medicine | Description of reaction
14.2.22|  Oxygen Penicillin | Serious veaction (hospitalised) age 15 | S, jones 74.2.22
14.2.22| Warfarin Cefalexin | Rash (discontinued) 2006 5. Jores 74.2.22

. CODES FOR NON-ADMINISTRATION OF PRESCRIBED MEDICINE

If a dose is not administered as prescribed, intial and enter a code in the column with a circle drawn round the code according to the
reason as shown below. Inform the responsible doctor of the appropriate timescale.

1. Patient refuses 6. Vomiting/nausea

7. Time varied on doctor’s instructions

8. Once-only/as-required medicine given
9. Dose withheld on doctor’s instructions
10. Possible adverse reaction/side-effect

2. Patient not present

3. Medicines not available - CHECK ORDERED

4. Asleep/drowsy

5. Administration route not available - CHECK FOR ALTERNATIVE

ONCE-ONLY MEDICINES .

| Time

Date Time Medicine (approved name) Dose Route  Prescriber - sign and print given Gil;';"
74.2.22 16,00 | MORPHINE Swg | v | SO JIN g jonEs| 1620 ST
74.2.22 76.00 | GLYCERYL TRINITRATE, 400 | 5L C:_cw 5. JONES | 16.70| DK

udcroﬁrm
74.2.22 16.00 | METOCLOPRAMIDE Tomg | 1 | SIS g jones| 16,20 ST

Fig. 2.8 Example of a hospital prescription and administration record (‘drug chart’). [A] Front page. The correct identification of the patient is critical to reducing the risk
of an administration error. This page also clearly identifies other prescriptions charts in use and previous adverse reactions to drugs to minimise the risk of repeated exposure.
Note also the codes employed by the nursing staff to indicate reasons why drugs may not have been administered. The patient’s name and date of birth should be written on
each page of the chart. The patient's weight and height may be required to calculate safe doses for many drugs with narrow therapeutic indices. [B] ‘Once-only medicines’
This area is used for prescribing medicines that are unlikely to be repeated on a regular basis. Note that the prescriber has written the names of all drugs legibly in block
capitals. The generic international non-proprietary name (INN) should be used in preference to the brand name (e.g. write ‘SIMVASTATIN’, not ‘ZOCOR’). The only exceptions are
when variation occurs in the properties of alternative branded formulations (e.g. modified-release preparations of drugs such as lithium, theophylline, phenytoin and nifedipine)
or when the drug is a combination product with no generic name (e.g. Kliovance®). The only acceptable abbreviations for drug doese units are ‘g’ and ‘mg’. ‘Units’ (e.g. of
insulin or heparin) and ‘micrograms’ must always be written in full, never as ‘U’ or ‘pg’ (nor ‘meg’, nor ‘ug’). For liquid preparations write the dose in mg; ‘mL’ can be written
only for a combination product (e.g. Gaviscon liquid) or if the strength is not expressed in weight (e.g. adrenaline (epinephrine) 1 in 1000). Use numbers/figures (e.g. 1 or
‘one’) to denote use of a sachet/enema but avoid prescribing numbers of tablets without specifying their strength. Always include the dose of inhaled drugs in addition to
stating numbers of ‘puffs’, as strengths can vary. Widely accepted abbreviations for route of administration are: intravenous — ‘IV’; intramuscular — ‘IM’; subcutaneous — ‘SC’;
sublingual — ‘SL’; per rectum — ‘PR’; per vaginam — ‘PV’; nasogastric — ‘NG’; inhaled — ‘INH’; and topical — ‘TOP’. ‘ORAL’ is preferred to per oram — ‘PQ’. Care should be taken
in specifying ‘RIGHT" or ‘LEFT’ for eye and ear drops. The prescriber should sign and print their name clearly so that they can be identified by colleagues. The prescription
should be dated and have an administration time. The nurse who administered the prescription has signed to confirm that the dose has been administered.

(Continues overleaf)
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Date > | i 1
February 2022
REGULAR MEDICINES e | 14 |15 |16 17 fg 19 20 21
Drug (approved name) 6 | |
AMOXICILLIN i 1 i 1 i 1
-DOSS [ Route i x _BK RB | Rs DK x ! * x x
500 mg ORAL | 12 ' '
Prescriber-sign and print | Start date
S sJones | 14.02.22 @ | x ok 2 & | X[ %] % [%]K
Notes [ Pharmacy 18 3 | H 4 4 4 4
For chest infection, @ X DK |RB  RE R X RN
Drug (approved name) | | |
AMLODIPINE 6 I / T | | ! I L
e [ LK | SRS Discontinued dueto
Prescriberfsi%:; St:'r;daotez - 14 . omi’
%L’: . 02, 7
il;y Pharmacy 18 / 1 ! : .f MMM T 6"02: 22
¥ hypertension 29
Drug (approved name) 6
LISINOPRIL ~ 1 1 T T
Dose [ Route . x 1 UK Rs H R’s + DK
20 mq ORAL | 12
Prescriberfs\g% .a;nd print | .Stan date M 14 [
S JONES | 14.02.22 -
Notes mw' Pharmacy 18 =
| function on 16. 2.22 22

0]

AS-REQUIRED THERAPY

Drug (approved name) Date 16.2
PARACETAMOL i

Dose and frequency Route Dose | T4
14 4-hrly ORAL  [iiae| o |
Prescriber-sign and print Start date Date |

5JONES | 16.02.22

Time

 ndcationnotes Eor pain Pharmacy Dose |
Maxinteus 49/24 /7 Initials
Drug (approved name) Date |
GLYCERYL TRINITRATE Time
 Dose and frequency Route Dose
$00 micrograms SL Initals |
i Prescriber-algn and print Start date .Date [

3. JONES 16.02.22

Time

Indhcaton/notes. Epy | Phamacy Dose

cardiac ischaemia Initials |

Fig. 2.8, cont’d |f| ‘Regular medicines’. This area is used for prescribing medicines that are going to be given regularly. In addition to the name, dose and route, a
frequency of administration is required for each medicine. Widely accepted Latin abbreviations for dose frequency are: once daily — ‘0OD’; twice daily — ‘BD’; 3 times daily —
‘TDS’; 4 times daily — ‘QDS’; as required — ‘PRN’; in the morning — ‘OM’ (omni mane); at night — ‘ON’ (omni nocte); and immediately — ‘stat’. The hospital chart usually
requires specific times to be identified for regular medicines that coincide with nursing drug rounds and these can be circled. If treatment is for a known time period, cross

off subsequent days when the medicine is not required. The ‘notes’ box can be used to communicate additional important information (e.g. whether a medicine should be
taken with food, type of inhaler device used, and anything else that the drug dispenser should know). State here the times for peak/trough plasma levels for drugs requiring
therapeutic monitoring. Prescriptions should be discontinued by drawing a vertical line at the point of discontinuation, horizontal lines through the remaining days on the chart,
and diagonal lines through the drug details and administration boxes. This action should be signed and dated and a supplementary note written to explain it (€.g. describing any
adverse effect). In this example, amlodipine has been discontinued because of ankle oedema. There is room for the ward pharmacist to sign to indicate that the prescription
has been reviewed and that a supply of the medicine is available. The administration boxes allow the nurse to sign to confirm that the dose has been given. Note that these
boxes also allow for recording of reasons for non-administration (in this example ‘2" indicates that the patient was not present on the ward at the time) and the prevention of
future administration by placing an ‘X’ in the box. [D] ‘As-required medicines’. These prescriptions leave the administration of the drug to the discretion of the nursing staff. The
prescription must describe clearly the indication, frequency, minimal time interval between doses, and maximum dose in any 24-hour period (in this case, the maximum daily
dose of paracetamol is 4 ).

e Formulation. The prescription needs to carry information about legal requirements. In the UK, they must contain the address of the
the formulation for the dispensing pharmacist (e.g. tablets or oral patient and prescriber (not necessary on most hospital forms), the
suspension). form and the strength of the preparation, and the total quantity of

e Amount to be supplied. A pharmacist will organise this in hospital. the preparation/number of dose units in both words and figures.
Elsewhere it must be specified either as the precise number of tab- * ‘Repeat prescriptions’. A large proportion of GP prescribing involves
lets or as the duration of treatment. Creams and ointments should ‘repeat prescriptions’ for chronic medication. These are often gen-
be specified in grams and lotions in mL. erated automatically, although the prescriber remains responsible

e Controlled drugs. Prescriptions for ‘controlled’ drugs (e.g. opioid for regular review and for ensuring that the benefit-to-harm ratio
analgesics, with potential for drug abuse) are subject to additional remains favourable.
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Monitoring drug therapy

Prescribers should measure the effects of the drug, both beneficial and
harmful, to inform decisions about dose titration (up or down), discontinu-
ation or substitution of treatment. Monitoring can be achieved subjectively
by asking the patient about symptoms or, more objectively, by measuring
a clinical effect, which may be possible to assess by clinical examination
(e.g. eczematous rash), physiological measurement (e.g. blood pressure,
pulse oximetry), imaging (e.g. chest X-ray, CT scan) or laboratory tests (e.g.
haemoglobin, INR (International Normalised Ratio)). Alternatively, if the phar-
macodynamic effects of the drug are difficult to assess, the plasma drug
concentration may be measured, if this is closely related to the effect of
the drug (see Fig. 2.2). Rational prescribing ultimately rests on continuous
monitoring of the balance between the risks and benefits of drug therapy.
Common examples are ACE inhibitors (negative impact on renal function
versus blood pressure-lowering), cancer chemotherapy (bone marrow
suppression versus radiological tumour regression) and disease-modifying
anti-rheumatic drugs (liver toxicity versus anti-inflammatory effect). Advances
in therapeutics have also led to increasing complexity of ongoing monitoring

l 2.25 High-risk prescribing moments

e Trying to amend an active prescription (e.g. altering the dose/timing) — always
avoid and start again

e Writing up drugs in the immediate presence of more than one prescription chart
or set of notes — avoid

* Allowing one’s attention to be diverted in the middle of completing a
prescription — avoid

e Prescribing ‘high-risk’ drugs (e.g. anticoagulants, opioids, insulin, sedatives) —
ask for help if necessary

e Prescribing parenteral drugs — take care

e Rushing prescribing (e.g. in the midst of a busy ward round) — avoid

o Prescribing unfamiliar drugs — consult the formulary and ask for help if
necessary

e Transcribing multiple prescriptions from an expired chart to a new one — fake
care to review the rationale for each medicine

e Writing prescriptions based on information from another source such as a
referral letter (the list may contain errors and some of the medicines may be the
cause of the patient’s iliness) — review the justification for each as if it is a new
prescription

e Writing up ‘to take out’ drugs (because these will become the patient’s regular
medication for the immediate future) — take care and seek advice if necessary

e (alculating drug doses — ask a colleague to perform an independent calculation
or use approved electronic dose calculators

e Prescribing sound-alike or look-alike drugs (€.g. chlorphenamine and
chlorpromazine) — take care
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requirements. The recognition that hospital specialist clinics cannot take on
the responsibility for monitoring of all chronic disease therapy has led to the
development of ‘shared care protocols’ that aim to share monitoring activ-
ities between specialists and primary care physicians with the aim of max-
imising efficient use of health-care resources and convenience for patients.

lclinical and surrogate endpoints

Ideally, clinical endpoints are measured directly and the drug dosage titrated
to achieve the therapeutic goal and avoid toxicity (e.g. control of ventricular
rate in a patient with atrial fibrillation, monitoring anticoagulation using INR).
Sometimes this is impractical because the clinical endpoint is a future event
(e.g. prevention of myocardial infarction by statins or resolution of a chest
infection with antibiotics); in these circumstances, it may be possible to
select a ‘surrogate’ endpoint that will predict success or failure. This may be
an intermediate step in the pathophysiological process (e.g. serum choles-
terol as a surrogate for risk of myocardial infarction) or a measurement that
follows the pathophysiology, even if it is not a key factor in its progression
(e.g. serum C-reactive protein as a surrogate for resolution of inflammation
in chest infection, TSH as a surrogate for adequate replacement of levo-
thyroxine). Such surrogates are sometimes termed ‘biomarkers’.

l} Plasma drug concentration

The following criteria must be met to justify routine monitoring by plasma
drug concentration:

e (Clinical endpoints and other pharmacodynamic (surrogate) effects
are difficult to monitor.

® The relationship between plasma concentration and clinical effects is
predictable.

® The therapeutic index is low. For drugs with a high therapeutic
index, any variability in plasma concentrations is likely to be irrele-
vant clinically.

Some examples of drugs that fulfil these criteria are listed in Box 2.26.

Measurement of plasma concentration may be useful in planning
adjustments of drug dose and frequency of administration; to explain
an inadequate therapeutic response (by identifying subtherapeutic con-
centration or incomplete adherence); to establish whether a suspected
ADR is likely to be caused by the drug; and to assess and avoid potential
drug interactions.

Timing of samples in relation to doses

The concentration of drug rises and falls during the dosage interval
(see Fig. 2.4B). Measurements made during the initial absorption and

i 2.26 Drugs commonly monitored by plasma drug concentration

Drug Half-life (hrs)* Comment

Digoxin 36 Steady state takes several days to achieve. Samples should be taken 6 hrs post dose. Measurement is useful to confirm
the clinical impression of toxicity or non-adherence but clinical effectiveness is better assessed by ventricular heart rate.
Risk of toxicity increases progressively at concentrations > 1.5ug/L, and is likely at concentrations > 3.0 pg/L (toxicity is
more likely in the presence of hypokalaemia)

Gentamicin 2 Measure pre-dose trough concentration (should be <1 mg/L) to ensure that accumulation (and the risk of nephrotoxicity
and ototoxicity) is avoided; see Fig. 6.18

Lithium 24 Steady state takes several days to achieve. Samples should be taken 12 hrs post dose. Target range 0.4—1 mmol/L

Phenytoin 24 Measure pre-dose trough concentration (should be 10-20 mg/L) to ensure that accumulation is avoided. Good

correlation between concentration and toxicity. Concentration may be misleading in the presence of hypoalbuminaemia

Steady state takes 2—3 days to achieve. Samples should be taken 6 hrs post dose. Target concentration is 10-20 mg/L
but its relationship with bronchodilator effect and adverse effects is variable

Measure pre-dose trough concentration (should be 10-15mg/L) to ensure clinical efficacy and that accumulation and
the risk of nephrotoxicity are avoided

Theophylline (oral) 6

Vancomycin 6

*Half-lives vary considerably with different formulations and between patients.
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distribution phases are unpredictable because of the rapidly changing
concentration, so samples are usually taken at the end of the dosage
interval (a ‘trough’ or ‘pre-dose’ concentration). This measurement is
normally made in steady state, which usually takes 5 half-lives to achieve
after the drug is introduced or the dose changed (unless a loading dose
has been given).

Interpreting the result

A target range is provided for many drugs, based on average thresh-
olds for therapeutic benefit and toxicity. Inter-individual variability means
that these can be used only as a guide. For instance, in a patient who
describes symptoms that could be consistent with toxicity, but has a
drug concentration in the top half of the target range, toxic effects should
still be suspected. Another important consideration is that some drugs
are heavily protein-bound (e.g. phenytoin), but only the unbound drug is
pharmacologically active. Patients with hypoalbuminaemia may, there-
fore, have a therapeutic or even toxic concentration of unbound drug,
despite a low ‘total’ concentration.

““Further information

Websites

bnf.org The British National Formulary (BNF) is a key reference resource for UK
NHS prescribers, with a list of licensed drugs, chapters on prescribing in renal
failure, liver disease, pregnancy and during breastfeeding, and appendices on
drug interactions.

cochrane.org The Cochrane Collaboration is a leading international body that
provides evidence-based reviews (around 7000 so far).

evidence.nhs.uk NHS Evidence provides a wide range of health information
relevant to delivering quality patient care .

icp.org.nz The Interactive Clinical Pharmacology site is designed to increase
understanding of principles in clinical pharmacology .

medicines.org.uk/emc/ The electronic medicines compendium (emc) contains
up-to-date, easily accessible information about medicines licensed by the
UK Medicines and Healthcare Products Regulatory Agency (MHRA) and the
European Medicines Agency (EMA).

nice.org.uk The UK National Institute for Health and Care Excellence makes
recommendations to the UK NHS on new and existing medicines, treatments
and procedures.

who.int/health-topics/medicines The World Health Organization Essential
Medicines and Pharmaceutical Policies .
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Multiple Choice Questions

2.1. Which of the following drugs for type 2 diabetes acts on a
transporter protein?

. Gliclazide

. Dapaglifiozin

. Metformin hydrochloride
. Pioglitazone

. Sitagliptin

moowrP

Answer: B.

Dapagliflozin is a sodium-glucose co-transporter 2 inhibitor that is
indicated for the treatment of type 2 diabetes mellitus. Dapagliflozin
improves glycaemic control by inhibiting glucose re-absorption in the
proximal tubule of the nephron leading to excretion of excess glucose in
the urine (glycosuria).

2.2. Which of the following is a prodrug that depends on hepatic
metabolism for conversion to its active form?

A. Amlodipine
B. Clopidogrel
C. Metoprolol
D. Simvastatin
E. Tramadol

Answer: B.

Clopidogrel binds specifically and irreversibly to the platelet P2RY12
purinergic receptor to inhibit ADP-mediated platelet activation and
aggregation. Clopidogrel is a prodrug that is absorbed in the intestine
and activated in the liver. The conversion of clopidogrel to its active
metabolite involves two sequential oxidation reactions that involve vari-
ous cytochrome P450 isoforms (CYP1A2, CYP2B6, CYP2C9, CYP2C19
and CYP3A4/5).

2.3. A 52-year-old man who is being treated with azathioprine 150mg
orally daily to maintain remission from Crohn’s disease presents
to hospital with severe pancytopenia. Which of his other current
medicines (listed below) is most likely to have interacted with
azathioprine to cause this adverse drug reaction?

A. Allopurinol 200mg orally daily

B. Atorvastain 20mg orally daily

C. Indapamide 2.5mg orally daily

D. Metronidazole 400mg orally three times daily
E. Omeprazole 20mg orally daily

Answer: A.

Allopurinol inhibits the enzyme xanthine oxidase (XO), which is one
of the three enzymes responsible for inactivating 6-mercaptopurine, its
active purine metabolite. Normally, XO is needed to convert the purine
base hypoxanthine to xanthine and then xanthine to uric acid. Allopurinol
is a structural analogue of hypoxanthine and binds to XO, thereby inhib-
iting its effect on purine metabolism.

2.4. Which of the following regular medicines is most likely to require a
dose reduction in a patient who develops chronic renal impairment
(chronic kidney disease stage 3)?

A. Bendroflumethiazide 2.5mg orally daily

B. Digoxin 125micrograms orally daily

C. Fluoxetine 20mg orally daily

D. Simvastatin 20mg orally nightly

E. Verapamil hydrochloride m/r 120mg orally daily

Answer: B.

Digoxin is mainly eliminated by renal excretion and there is a risk
of toxicity if the dosage is not reduced as renal function deteriorates.
Bendroflumethiazide becomes less effective as renal function deterior-
ates but does not require a dose reduction (unless there is evidence
that dehydration is a contributory factor). Simvastatin should be used
with caution if the eGFR falls below 30mL/min/1.73m?2. Verapamil is
eliminated by hepatic metabolism. Fluoxetine does not require dose
adjustment.

2.5. Which of the following aspects of a new drug is not considered
by drug regulators but considered by heath-care providers (e.g. a
hospital drug and therapeutics committee)?

. Manufacturing standards
. Safety profile
. Efficacy in treating the clinical indication
. Cost-effectiveness
Patient information

mooOw>

Answer: D.

The role of national drug regulatory authorities is to ensure that any
new medicine meets minimum acceptable standards of quality, safety
and efficacy prior to being granted a market authorisation. It is not the
role of the regulator to assess cost-effectiveness which is devolved to
national or local health technology assessments that may compare the
new drug with other available treatment options.
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We have entered a genomic era. Powerful new technologies are driving
forward transformational change in health care. Genetic sequencing has
evolved from the targeted sequencing of a single gene to the parallel
sequencing of multiple genes. In addition to improving the chances of
identifying a genetic cause of rare diseases, these technologies are
increasingly directing therapies and, in the future, are likely to be used in
the diagnosis and prevention of common diseases such as diabetes. In
this chapter we explore the fundamentals of genomics, the basic prin-
ciples underlying these new genomic technologies and how the data
generated can be applied safely for patient benefit. We will review the use
of genomic technology across a breadth of medical specialties, including
obstetrics, paediatrics, oncology and infectious disease, and consider
how health care is being transformed by these new genomic technolo-
gies. Finally, we will consider the ethical impact that these technologies
are likely to have, both for the individual and for their wider family.

The fundamental principles of genomics

The packaging of genes: DNA, chromatin and
chromosomes

Genes are functional units encoded in double-stranded deoxyribonucleic
acid (DNA), packaged as chromosomes and located in the nucleus of the
cell: a membrane-bound compartment found in all cells except erythro-
cytes and platelets (Fig. 3.1). DNA consists of a linear sequence of just four
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Fig. 3.1 The packaging of DNA, genes and chromosomes. From bottom to top:
the double helix and the complementary DNA bases; chromatin; and a normal female
chromosome pattern — the karyotype.

bases: adenine (A,) cytosine (C), thymine (T) and guanine (G.) It forms a
‘double helix’, a twisted ladder-like structure formed from two comple-
mentary strands of DNA joined by hydrogen bonds between bases on
the opposite strand that can form only between a C and a G base and an
Aand aT base. ltis this feature of DNA that enables faithful DNA replica-
tion and is the basis for many of the technologies designed to interrogate
the genome: when the DNA double helix ‘unzips’, one strand can act as
a template for the creation of an identical strand.

A single copy of the human genome comprises approximately
3.1 billion base pairs of DNA, wound around proteins called histones.
The unit consisting of 147 base pairs wrapped around four different
histone proteins is called the nucleosome. Sequences of nucleosomes
(resembling a string of beads) are wound and packaged to form chroma-
tin: tightly wound, densely packed chromatin is called heterochromatin
and open, less tightly wound chromatin is called euchromatin.

The chromatin is finally packaged into the chromosomes. Humans
are diploid organisms: the nucleus contains two copies of the genome,
visible microscopically as 23 chromosome pairs (known as the karyo-
type). Chromosomes 1 through to 22 are known as the autosomes and
consist of identical chromosome pairs. The 23rd ‘pair’ of chromosomes
are the two sex chromosomes: females have two X chromosomes and
males an X and Y chromosome. A normal female karyotype is therefore
written as 46,XX and a normal male is 46,XY.

From DNA to protein

Genes are functional elements on the chromosome that are capable
of transmitting information from the DNA template via the production
of messenger ribonucleic acid (MRNA) to the production of proteins.
The human genome contains over 20000 genes, although many of
these are inactive or silenced in different cell types, reflecting the varia-
ble gene expression responsible for cell-specific characteristics. The
central dogma is the pathway describing the basic steps of protein
production: transcription, splicing, translation and protein modification
(Fig. 3.2). Although this is now recognised as an over-simplification (con-
trary to this linear relationship, a single gene will often encode many different
proteins), it remains a useful starting point to explore protein production.

I Transcription: DNA to messenger RNA

Transcription describes the production of ribonucleic acid (RNA) from the
DNA template. For transcription to commence, an enzyme called RNA
polymerase binds to a segment of DNA at the start of the gene: the pro-
moter. Once bound, RNA polymerase moves along one strand of DNA,
producing an RNA molecule complementary to the DNA template. In
protein-coding genes this is known as messenger RNA (MRNA). A DNA
sequence close to the end of the gene, called the polyadenylation signal,
acts as a signal for termination of the RNA transcript (Fig. 3.3).

5’ CGATTC3’
| 3" GcTanGs’

Transcription

5’ CGAUUC3’

Translation

Protein

Fig. 3.2 The central dogma of protein production. Double-stranded DNA as a
template for single-stranded RNA, which codes for the production of a peptide chain
of amino acids. Each of these chains has an orientation. For DNA and RNA, this is 5°
to 3. For peptides, this is N-terminus to C-terminus.
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Fig. 3.3 RNA synthesis and its translation into protein. Gene transcription
involves hinding of RNA polymerase Il to the promoter of genes being
transcribed with other proteins (transcription factors) that regulate the
transcription rate. The primary RNA transcript is a copy of the whole gene

and includes both introns and exons, but the introns are removed within the
nucleus by splicing and the exons are joined to form the messenger RNA
(mRNA). Prior to export from the nucleus, a methylated guanosine nucleotide
is added to the 5' end of the RNA (‘cap’) and a string of adenine nucleotides
is added to the 3" (‘polyA tail’). This protects the RNA from degradation and
facilitates transport into the cytoplasm. In the cytoplasm, the mRNA binds to
ribosomes and forms a template for protein production. (tRNA = transfer RNA;
UTR = untranslated region)
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RNA differs from DNA in three main ways:

¢ RNA s single-stranded.

* The sugar residue within the nucleotide is ribose, rather than
deoxyribose.

e |t contains uracil (U) in place of thymine (T).

The activity of RNA polymerase is regulated by transcription fac-
tors. These proteins bind to specific DNA sequences at the promoter
or to enhancer elements that may be many thousands of base pairs
away from the promoter; a loop in the chromosomal DNA brings
the enhancer close to the promoter, enabling the bound proteins to
interact. The human genome encodes more than 1200 different tran-
scription factors. Mutations (now more frequently referred to as gene
variants) within transcription factors, promoters and enhancers can
cause disease. For example, the blood disorder alpha-thalassaemia is
usually caused by gene deletions (see Box 3.4). However, it can also
result fromBa variant in an enhancer located more than 100000 base
pairs (bp) from the a-globin gene promoter, leading to greatly reduced
transcription.

Gene activity, or expression, is influenced by a number of complex
interacting factors, including the accessibility of the gene promoter to
transcription factors. DNA can be modified by the addition of a methyl
group to cytosine molecules (methylation). If DNA methylation occurs
in promoter regions, transcription is silenced, as methyl cytosines are
usually not available for transcription factor binding. A second mecha-
nism determining promoter accessibility is the structural configuration
of chromatin. In open chromatin, called euchromatin, gene promoters
are accessible to RNA polymerase and transcription factors; therefore it
is transcriptionally active. This contrasts with heterochromatin, which is
densely packed and transcriptionally silent. The chromatin configuration
is determined by modifications (such as methylation or acetylation) of
specific amino acid residues of histone protein tails.

Modifications of DNA and histone protein tails are termed epigenetic
(‘epi-" meaning ‘above’ the genome), as they do not alter the primary
sequence of the DNA code but have biological significance in chromo-
somal function. Abnormal epigenetic changes are increasingly recognised
as important events in the progression of cancer, allowing expression of
normally silenced genes that result in cancer cell de-differentiation and
proliferation. They also afford therapeutic targets. For instance, the his-
tone deacetylase inhibitor vorinostat has been successfully used to treat
cutaneous T-cell lymphoma, due to the re-expression of genes that had
previously been silenced in the tumour. These genes encode transcrip-
tion factors that promote T-cell differentiation as opposed to proliferation,
thereby causing tumour regression.

[ RNA splicing, editing and degradation

Transcription produces an RNA molecule that is a copy of the whole
gene, termed the primary or nascent transcript. This nascent transcript
then undergoes splicing, whereby regions not required to make pro-
tein (the intronic regions) are removed while those segments that are
necessary for protein production (the exonic regions) are retained and
rejoined.

Splicing is a highly regulated process that is carried out by a multimeric
protein complex called the spliceosome. Following splicing, the mRNA
molecule is exported from the nucleus and used as a template for pro-
tein synthesis. Many genes produce more than one form of mRNA (and
thus protein) by a process termed alternative splicing, in which different
combinations of exons are joined together. Different proteins from the
same gene can have entirely distinct functions. For example, in thyroid C
cells the calcitonin gene produces mRNA encoding the osteoclast inhib-
itor calcitonin, but in neurons the same gene produces an mMRNA with
a different complement of exons via alternative splicing that encodes a
neurotransmitter, calcitonin-gene-related peptide.
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l Translation and protein production

Following splicing, the segment of mMRNA containing the code that
directs synthesis of a protein product is called the open reading frame
(ORF). The inclusion of a particular amino acid in the protein is specified
by a codon composed of three contiguous bases. There are 64 different
codons with some redundancy in the system: 61 codons encode one
of the 20 amino acids, and the remaining three codons — UAA, UAG
and UGA (known as stop codons) — cause termination of the growing
polypeptide chain. ORFs in humans most commonly start with the amino
acid methionine. AllmRNA molecules have domains before and after the
OREF called the 5" untranslated region (UTR) and 3'UTR, respectively.
The start of the 5°'UTR contains a cap structure that protects mRNA
from enzymatic degradation, and other elements within the 5'UTR are
required for efficient translation. The 3'UTR also contains elements that
regulate efficiency of translation and mRNA stability, including a stretch
of adenine bases known as a polyA tail (see Fig. 3.3).

The mRNAs then leave the nucleus via nuclear pores and associate
with ribosomes, the sites of protein production (see Fig. 3.3). Each ribo-
some consists of two subunits (40S and 60S), which comprise non-cod-
ing rBNA molecules (see Fig. 3.9) complexed with proteins. During
translation, a different RNA molecule known as transfer RNA (tRNA)
binds to the ribosome. The tRNAs deliver amino acids to the ribosome
so that the newly synthesised protein can be assembled in a stepwise
fashion. Individual tRNA molecules bind a specific amino acid and ‘read’
the mRNA ORF via an ‘anticodon’ of three nucleotides that is comple-
mentary to the codon in mRNA (see Fig. 3.3). A proportion of ribosomes
is bound to the membrane of the endoplasmic reticulum (ER), a complex
tubular structure that surrounds the nucleus.

Proteins synthesised on these ribosomes are translocated into the
lumen of the ER, where they undergo folding and processing. From here,
the protein may be transferred to the Golgi apparatus, where it under-
goes post-translational modifications, such as glycosylation (covalent
attachment of sugar moieties), to form the mature protein that can be
exported into the cytoplasm or packaged into vesicles for secretion. The
clinical importance of post-translational modification of proteins is shown
by the severe developmental, neurological, haemostatic and soft tissue
abnormalities that are associated with the many different congenital dis-
orders of glycosylation. Post-translational modifications can also be dis-
rupted by the synthesis of proteins with abnormal amino acid sequences.
For example, the most common CFTR gene variant that causes cystic
fibrosis (AF508) results in an abnormal protein that cannot be exported
from the ER and Golgi (see Box 3.4).

Non-coding RNA

Approximately 4500 genes in humans encode non-coding RNAs
(ncRNA) rather than proteins. There are various categories of NcRNA,
including transfer RNA (tRNA), ribosomal RNA (rRNA), ribozymes and
microRNA (miRNA). The miRNAs, which number over 1000, have a role
in post-translational gene expression: they bind to mRNAs, typically
in the 3'UTR, promoting target MRNA degradation and gene silenc-
ing. Together, miRNAs affect over half of all human genes and have
important roles in normal development, cancer and common degen-
erative disorders. This is the subject of considerable research interest
at present.

Cell division, differentiation and migration

In normal tissues, molecules such as hormones, growth factors and
cytokines provide the signal to activate the cell cycle: a controlled pro-
gramme of biochemical events that culminates in cell division. In all
cells of the body, except the gametes (the sperm and egg cells, also
known as the germ line), mitosis completes cell division, resulting in
two diploid daughter cells. In contrast, the sperm and eggs cells com-
plete cell division with meiosis, resulting in four haploid daughter cells
(Fig. 3.4).
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Fig. 3.4 Meiosis and gametogenesis: the main chromosomal stages of
meiosis in both males and females. A single homologous pair of chromosomes
is represented in different colours. The final step is the production of haploid germ
cells. Each round of meiosis in the male results in four sperm cells; in the female,
however, only one egg cell is produced, as the other divisions are sequestered on the
periphery of the mature egg as peripheral polar bodies.

The stages of cell division in the non-germ-line, somatic cells are
shown below:

¢ Cells not committed to mitosis are said to be in G.
® Cells committed to mitosis must go through the preparatory phase
of interphase consisting of G, S and G,:
e G, (first gap): synthesis of the cellular components necessary to
complete cell division
e S (synthesis): DNA replication producing identical copies of each
chromosome called the sister chromatids



* G, (second gap): repair of any errors in the replicated DNA before
proceeding to mitosis.

e Mitosis (M) consists of four phases:

® Prophase: the chromosomes condense and become visible,
the centrioles move to opposite ends of the cell and the nuclear
membrane disappears.

* Metaphase: the centrioles complete their migration to opposite
ends of the cell and the chromosomes — consisting of two
identical sister chromatids — line up at the equator of the cell.

¢ Anaphase: spindle fibres attach to the chromosome and pull the
sister chromatids apart.

e Telophase: the chromosomes decondense, the nuclear
membrane reforms and two daughter cells — each with 46
chromosomes — are formed.

The progression from one phase to the next is tightly controlled by
cell-cycle checkpoints. For example, the checkpoint between G, and
mitosis ensures that all damaged DNA is repaired prior to segregation of
the chromosomes. Failure of these control processes is a crucial driver in
the pathogenesis of cancer, as discussed on page 130.

* Meiosis is a special, gamete-specific, form of cell division

(see Fig. 3.4). Like mitosis, meiosis consists of four phases

(prophase, metaphase, anaphase and telophase) but differs from

mitosis in the following ways:

e |t consists of two separate cell divisions known as meiosis | and
meiosis |l.

e |t reduces the chromosome number from the diploid to the
haploid number via a tetraploid stage, i.e. from 46 to 92 (Ml S) to
46 (MI M) to 23 (MIl M) chromosomes, so that when a sperm cell
fertilises the egg, the resulting zygote will return to a diploid, 46,
chromosome complement. This reduction to the haploid number
occurs at the end of meiosis |I.

e The 92 chromosome stage consists of 23 homologous pairs of
sister chromatids, which then swap genetic material, a process
known as recombination. This occurs at the end of Ml prophase
and ensures that the chromosome that a parent passes to his
or her offspring is a mix of the chromosomes that the parent
inherited from his or her own mother and father.

The individual steps in meiotic cell division are similar in males and
females. However, the timing of the cell divisions is very different. In
females, meiosis begins in fetal life but does not complete until after ovu-
lation. A single meiotic cell division can thus take more than 40 years
to complete. As women become older, the separation of chromosomes
at meiosis Il becomes less efficient. That is why the risk of trisomies
(p. 42) due to non-disjunction grows greater with increasing maternal
age. In males, meiotic division does not begin until puberty and contin-
ues throughout life. In the testes, both meiotic divisions are completed
in a matter of days.

Cell death, apoptosis and senescence

With the exception of stem cells, human cells have only a limited capac-
ity for cell division. The Hayflick limit is the number of divisions a cell
population can go through in culture before division stops and enters a
state known as senescence. This ‘biological clock’ is of great interest in
the study of the normal ageing process. Rare human diseases associ-
ated with premature ageing, called progeric syndromes, have been very
helpful in identifying the importance of DNA repair mechanisms in senes-
cence. For example, in Werner syndrome, a DNA helicase (an enzyme
that separates the two DNA strands) is mutated, leading to failure of DNA
repair and premature ageing. A distinct mechanism of cell death is seen
in apoptosis, or programmed cell death.

Apoptosis is an active process that occurs in normal tissues and
plays an important role in development, tissue remodelling and the
immune response. The signal that triggers apoptosis is specific to each
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tissue or cell type. This signal activates enzymes, called caspases,
which actively destroy cellular components, including chromosomal
DNA. This degradation results in cell death, but the cellular corpse
contains characteristic vesicles called apoptotic bodies. The corpse
is then recognised and removed by phagocytic cells of the immune
system, such as macrophages, in a manner that does not provoke an
inflammatory response.

A third mechanism of cell death is necrosis. This is a pathological pro-
cess in which the cellular environment loses one or more of the compo-
nents necessary for cell viability. Hypoxia is probably the most common
cause of necrosis.

Genomics, health and disease

Classes of genetic variant

There are many different classes of variation in the human genome, cat-
egorised by the size of the DNA segment involved and/or by the mecha-
nism giving rise to the variation.

l Nucleotide substitutions

The substitution of one nucleotide for another is the most common type
of genomic variation. This is caused by misincorporation of a nucleotide
during DNA synthesis or by chemical modification of the base. When
these substitutions occur within ORFs of a protein-coding gene, they are
further classified into:

® synonymous — resulting in a change in the codon without altering
the amino acid

® non-synonymous (also known as a missense variant) — resulting in a
change in the codon and the encoded amino acid

e stop gain (or nonsense variant) — introducing a premature stop
codon and resulting in truncation of the protein

e splicing — disruption of normal splicing and therefore most frequently
occurring at the junctions between an intron and an exon.

These different types of gene variants are illustrated in Box 3.1 and
examples are shown in Figs. 3.5 and 3.6.

l Insertions and deletions

One or more nucleotides may be inserted or lost in a DNA sequence,
resulting in an insertion/deletion (indel) variant (see Box 3.1 and Fig. 3.5).
If a multiple of three nucleotides is involved, this is in-frame. If an indel
change affects one or two nucleotides within the ORF of a protein-coding
gene, this can have serious consequences because the triple nucleotide
sequence of the codons is disrupted, resulting in a frameshift variant. The
effect on the gene is typically severe because the amino acid sequence
is totally disrupted.

I Simple tandem repeat variants

Variations in the length of simple tandem repeats of DNA are thought
to arise as the result of slippage of DNA during meiosis and are termed
microsatellite (small) or minisatellite (larger) repeats. These repeats are
unstable and can expand or contract in different generations. This
instability is proportional to the size of the original repeat, in that longer
repeats tend to be more unstable. Many microsatellites and minisat-
ellites occur in introns or in chromosomal regions between genes and
have no obvious adverse effects. However, some genetic diseases
are caused by microsatellite repeats that result in duplication of amino
acids within the affected gene product or affect gene expression
(Box 3.2).
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i 3.1 Classes of genetic variant

The classes of genetic variant can be illustrated using the sentence
‘THE FAT FOX WAS ILL COS SHE ATE THE OLD CAT’
Synonymous
THE FAT FOX WAS ILL COS SHE ATE THE OLD KAT

where the C is replaced with a K but the meaning
remains the same

Silent polymorphism with no
amino acid change

Non-synonymous

Causing an amino acid
change

THE FAT BOX WAS ILL COS SHE ATE THE OLD CAT
where the F of FOX is replaced by B and the
original meaning of the sentence is lost

Stop-gain (also called a nonsense variant)

THE CAT
where the F of FAT is replaced by a C, generating a
premature stop codon

Causing the generation of a
premature stop codon

Indel

Where the bases are either
inserted or deleted; disruption
of the reading frame is
dependent on the number of
bases inserted or deleted

THE FAT FOX WAS ILL ILL COS SHE ATE THE OLD
CAT

where the insertion of three bases results in
maintenance of the reading frame

THE FAT FOX WAW ASI LLC 0SS HEA TET HEO
LDC AT

where the insertion of two bases results in
disruption of the reading frame

B Copy number variations

Variation in the number of copies of an individual segment of the genome
from the usual diploid (two copies) content can be categorised by the
size of the segment involved. Rarely, individuals may gain (trisomy) or lose
(monosomy) a whole chromosome. Such numerical chromosome anom-
alies most commonly occur by a process known as non-disjunction,
where pairs of homologous chromosomes do not separate at meio-
sis Il (p. 40). Common trisomies include Down syndrome (trisomy 21),
Edwards syndrome (trisomy 18) and Patau syndrome (trisomy 13).

Monosomy of the autosomes (present in all the cells, as opposed to in a

[A] DNA ATG GCC GGG AAG TGT
mRNA AUG GCC GGG AAG UGU

[B] DNA ATG GCC GGG AAA TGT
mRNA AUG GCC GGG ARA UGU

[c] DNA ATG GCC GGG CAG TGT
mRNA AUG GCC GGG CAG UGU

[D] pNa ATG GCC GGG GTG
mRNA AUG GCC GGG GUG
= L8 a l: 4 1 :i. "-'.l:. a I ] -:.' Glﬂ val

DNA ATG GCC GGG TAG TGT
mRNA AUG GCC GGG UAG UGU
Prot {4 4 ] o | *

mosaic distribution) does not occur, but Turner syndrome, in which there
is monosomy for the X chromosome, affects approximately 1 in 2500 live
births (Box 3.3).

Large insertions or deletions of chromosomal DNA also occur and are
usually associated with a learning disability and/or congenital malforma-
tions. Such structural chromosomal anomalies usually arise as the result
of one of two different processes:

* non-homologous end-joining
e non-allelic homologous recombination.

Random double-stranded breaks in DNA are a necessary process in
meiotic recombination and also occur during mitosis at a predictable rate.
The rate of these breaks is dramatically increased by exposure to ionising
radiation. When such breaks take place, they are usually repaired accu-
rately by DNA repair mechanisms within the cell. However, in a proportion
of breaks, segments of DNA that are not normally contiguous will be joined
(‘non-homologous end-joining’). If the joined fragments are from different
chromosomes, this results in a translocation. If they are from the same
chromosome, this will result in either inversion, duplication or deletion of
a chromosomal fragment (Fig. 3.7). Large insertions and deletions may
be cytogenetically visible as chromosomal deletions or duplications. If the
anomalies are too small to be detected by microscopy, they are termed
microdeletions and microduplications. Many microdeletion syndromes
have been described and most result from non-allelic homologous recom-
bination between repeats of highly similar DNA sequences, which leads to
recurrent chromosome anomalies — and clinical syndromes — occurring in
unrelated individuals (see Fig. 3.7 and Box 3.3).

Consequences of genomic variation

The consequence of an individual genomic variant depends on many
factors, including the variant type, the nature of the gene product and the
position of the variant in the protein. Variants can have profound or subtle
effects on gene and cell function. Variations that have profound effects
are responsible for ‘classical’ genetic diseases, whereas those with sub-
tle effects may contribute to the pathogenesis of common disease where
there is a genetic component, such as diabetes.

e Neutral variants have no effect on quality or type of protein
produced.

CGT GGT GTT

CGU GGU GUU Normal

CGT GGT GTT Silent pol h

g ilent polymorphism

CGU GGU (-’U[_J (no amino acid change)

CGT GGT GTT Mi iant .
issense variant causing

CGU G(_;U GUU Lys-GIn amino acid change

TCG TGG TGT T & inserti .
insertion causing

UCG UGG UGU U frameshift variant

Ser Trp Cys

AGT GGT GTT N ant .

AGU GGU GUU onsense variant causing

premature termination codon

Fig. 3.5 Different types of mutation affecting coding exons. [A | Normal sequence. [B] A synonymous nuclectide substitution changing the third base of a codon; the
resulting amino acid sequence is unchanged. [C| A missense variant in which the nucleotide substitution results in a change in a single amino acid from the normal sequence
(AAG) encoding lysine to glutamine (CAG). @ Insertion of a G residue (boxed) causes a frameshift variant, completely altering the amino acid sequence downstream. This
usually results in a loss-of-function variant. [E] A nonsense variant resulting in a single nucleotide change from a lysine codon (AAG) to a premature stop codon (TAG).
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Normal Splice donor site Splice acceptor site
Exon = i Intron ie Exon
DNA ATG GCC GGG GTA GGG CGG TAG TTAG AAG TGT AGT GGT GTT
| Intron removed by ,.,_a—-"J
. e —
splicing
mRNA AUG GCC GGG AAG TGU AGU GGU GUU
Protein Met Ala Gly Lys Cys Ser Gly Val
[E Splice-site variant
Exon : JEE Intron ,—i‘ Exon
DNA ATG GCC GGG GGA GGG T2 = ARG TGT AGT GGT GTT
mRNA ‘reads through’ intron
mRNA AUG GCC GGG GGA GGG CGG UAG
Protein Met Ala Gly Gly Gly Arg *

Abnormal protein with
premature stop codon

Fig. 3.6 Splice-site variants. [A] The normal sequence is shown, illustrating two exons, and intervening intron (blue) with splice donor (AG) and splice acceptor sites (GT)
underlined. Normally, the intron is removed by splicing to give the mature messenger RNA that encodes the protein, In a splice-site variant the donor site is mutated. As a
result, splicing no longer occurs, leading to read-through of the mRNA into the intron, which contains a premature termination codon downstream of the variant.

i 3.2 Diseases associated with triplet and other repeat expansions*

Repeat No. of repeats Gene Gene location Inheritance
Normal Mutant

Coding repeat expansion
Huntington’s disease [CAG] 6-34 >35 Huntingtin 4p16 AD
Spinocerebellar ataxia (type 1) [CAG] 6-39 >40 Ataxin 6p22—23 AD
Spinocerebellar ataxia [CAG] Various Various Various Various AD
(types 2,3,6,7)
Dentatorubral-pallidoluysian atrophy [CAG] 7-25 >49 Atrophin 12p12-13 AD
Machado—Joseph disease [CAG] 12-40 >67 MJD 14932 AD
Spinobulbar muscular atrophy [CAG] 11-34 >40 Androgen receptor Xgq11-12 XL recessive
Non-coding repeat expansion
Myotonic dystrophy [CTG] 5-37 >50 DMPK-3'UTR 19913 AD
Friedreich’s ataxia [GAA] 7-22 >200 Frataxin-intronic 9913 AR
Progressive myoclonic epilepsy [CCCCGCCCCaLa], 2-3 >25 Cystatin B-5'UTR 21q AR
Fragile X mental retardation [CGG] 5-52 >200 FMR1-5'UTR Xq27 XL dominant
Fragile site mental retardation 2 (FRAXE) [GCC] 6-35 >200 FMR2 Xq28 XL, probably recessive
*The triplet repeat diseases fall into two major groups: those with disease stemming from expansion of [CAG]n repeats in coding DNA, resulting in multiple adjacent glutamine residues (polyglutamine
tracts), and those with non-coding repeats. The latter tend to be longer. Unaffected parents usually display ‘pre-mutation’ allele lengths that are just above the normal range.
(AD/AR = autosomal dominant/recessive; UTR = untranslated region; XL = X-linked)

e [oss-of-function variants result in loss or reduction in the normal
protein function. Whole-gene deletions are the archetypal loss-of-
function variants but stop-gain or indel variants (early in the ORF),
missense variants affecting a critical domain and splice-site variants
can also result in loss of protein function.

® Gain-of-function variants result in a gain of protein function. They are
typically non-synonymous variants that alter the protein structure,
leading to activation/alteration of its normal function through causing

either an interaction with a novel substrate or a change in its normal
function.

* Dominant negative variants are the result of non-synonymous sub-
stitutions or in-frame deletions/duplications but may also, less fre-
quently, be caused by triplet repeat expansions. Dominant negative
variants are heterozygous changes that result in the production of
an abnormal protein that interferes with the normal functioning of the
wild-type protein.
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i 3.3 Chromosome and contiguous gene disorders

Disease Locus Incidence Clinical features

Numerical chromosomal abnormalities

Down syndrome (trisomy 21) 47 XY,+21 or 47 XX+21 11in 800 Characteristic facies, 1Q usually <50, congenital heart disease, reduced life
expectancy

Edwards syndrome (trisomy 18) 47 XY,+18 or 47, XX,+18 1in 6000 Early lethality, characteristic skull and facies, frequent malformations of heart, kidney
and other organs

Patau syndrome (trisomy 13) 47 XY,+13 or 47, XX,+13 11in 15000 Early lethality, cleft lip and palate, polydactyly, small head, frequent congenital heart
disease

Klinefelter syndrome 47 XXY 1in 1000 Phenotypic male, infertility, gynaecomastia, small testes

XYY 47 XYY 1in 1000 Usually asymptomatic, some impulse control problems

Triple X syndrome 47 XXX 1in 1000 Usually asymptomatic, may have reduced 1Q

Turner syndrome 45X 1in 5000 Phenotypic female, short stature, webbed neck, coarctation of the aorta, primary

amenorrhoea

Recurrent deletions, microdeletions and contiguous gene defects

Di George/velocardiofacial 22q11.2 11in 4000 Cardiac outflow tract defects, distinctive facial appearance, thymic hypoplasia, cleft

syndrome palate and hypocalcaemia. Major gene seems to be 7BX7 (cardiac defects and cleft
palate)

Prader—Willi syndrome 1501113 11in 15000 Distinctive facial appearance, hyperphagia, small hands and feet, distinct behavioural
phenotype. Imprinted region, deletions on paternal allele in 70% of cases

Angelman syndrome 15911-q13 1in 15000 Distinctive facial appearance, absent speech, electroencephalogram (EEG)
abnormality, characteristic gait. Imprinted region, deletions on maternal allele
encompassing UBE3A

Williams syndrome 7q11.23 1in 10000 Distinctive facial appearance, supravalvular aortic stenosis, learning disability and
infantile hypercalcaemia. Major gene for supravalvular aortic stenosis is elastin

Smith—Magenis syndrome 17p11.2 1in 25000 Distinctive facial appearance and behavioural phenotype, self-injury and rapid eye

movement (REM) sleep abnormalities. Major gene seems to be RA/7

How structural chromosomal anomalies are described

Deletions Duplications

Chromosome  Chromosome ) - )

9 Reciprocal Robertsonian  Inversions Interstitial  Terminal ~ Tandem  Inverted

o translocation translocation

—21 P () —13(sa) P N N A A

_—Lcen —112__Cen

—12 —12

EH

—21. 23

59 912 l i l

33 —31

342 —32.2 —
Metacentric Acrocentric

Mechanism underlying recurrent deletions and duplication: non-allelic homologous recombination

Normal pairing

Ww’

Recombination Deletion Duplication

WM\NSL/

N~

2

Abnormal pairing between DNA repeats

=== DNA repeat
=== Maternal chromosome
== Paternal chromosome

Fig. 3.7 Chromosomal analysis and structural chromosomal disorders. Human chromosomes can be classed as metacentric if the centromere is near the middle, or
acrocentric if the centromere is at the end. The bands of each chromosome are given a number, starting at the centromere and working out along the short (p) arm and long (q)
arm. Translocations and inversions are balanced structural chromosome anomalies where no genetic material is missing but it is in the wrong order. Translocations can be divided
into reciprocal (direct swap of chromosomal material between non-homologous chromosomes) and Robertsonian (fusion of acrocentric chromosomes). Deletions and duplications
can also occur due to non-allelic homologous recombination (illustrated in part B). Deletions are classified as interstitial if they lie within a chromosome, and terminal if the terminal
region of the chromosome is affected. Duplications can be either in tandem (where the duplicated fragment is inserted next to the region that is duplicated and orientated in the
correct direction) or inverted (where the duplicated fragment is in the wrong direction). (N = normal; A = abnormal) IEJ A common error of meiotic recombination, known as non-
allelic homologous recombination, can occur (right panel), resulting in a deletion on one chromosome and a duplication in the homologous chromosome. The error is induced by
tandem repeats in the DNA sequences (green), which can misalign and bind to each other, thereby ‘fooling’ the DNA into thinking the pairing prior to recombination is correct.



Normal genomic variation

We each have 3-5 million variants in our genome, occurring approxi-
mately every 300 bases. These variants are mostly polymorphisms, aris-
ing in more than 1% of the population; they have no or subtle effects on
gene and cell function, and are not associated with a high risk of disease.
Polymorphisms can occur within exons, introns or the intergenic regions
that comprise 98%-99% of the human genome. Each of the classes
of genetic variant discussed in this chapter (Box 3.1) is present in the
genome as a common polymorphism. However, the most frequent is the
single nucleotide polymorphism, or SNP (pronounced ‘snip’), describing
the substitution of a single base.

l Polymorphisms and common disease

The protective and detrimental polymorphisms associated with common
disease have been identified primarily through genome-wide association
studies (GWAS, p. 52) and are the basis for many direct-to-consumer tests
that purport to determine individual risk profiles for common diseases or
traits such as cardiovascular disease, diabetes and even male-pattern
baldness! An example is the polymorphism in the gene SLC2A9 that not
only explains a significant proportion of the normal population variation in
serum urate concentration but also predisposes ‘high-risk’ allele carriers
to the development of gout. However, the current reality is that, until we
have a more comprehensive understanding of the full genomic landscape
and knowledge of the complete set of detrimental and protective poly-
morphisms, we cannot accurately assess risk.

I Evolutionary selection

Genetic variants play an important role in evolutionary selection, with
advantageous variants resulting in positive selection via improved

[A] Male D 8]

Female O

|
Unknown sex <>
Deceased I
) individual
(with age at death) 4 5q y I

Partners

Separated M v )
Consanguinity D:O

Monozygotic twins @

Dizygotic twins

Stillbirth
(with gestation) "'SB = SB
30 wk 39 wk
Miscarriage

(with gestation) {ewk

Termination

Clinically affected [JJ|j @

Clinically affected, I

several diagnoses 9
Carrier @

Positive pre-
symptomatic test

Transmission to 50% of offspring
independent of gender

Affected males related through
unaffected females
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reproductive fitness, and variations that decrease reproductive fitness
becoming excluded through evolution. Given this simple paradigm, it
would be tempting to assume that common variants are all advan-
tageous and all rare variants are pathogenic. Unfortunately, it is often
difficult to classify any common variant as either advantageous or dele-
terious — or, indeed, neutral. Variants that are advantageous in early life
and thus enhance reproductive fithess may be deleterious in later life.
There may be variants that are advantageous for survival in particular
conditions (e.g. famine or pandemic) that may be disadvantageous in
more benign circumstances by causing a predisposition to obesity or
autoimmune disorders.

Constitutional genetic disease

Familial genetic disease is caused by constitutional variants, which are
inherited through the germ line. However, different variants in the same
gene can have different consequences, depending on the genetic mech-
anism underlying that disease. About 1% of the human population car-
ries constitutional pathogenic variants that cause disease.

l Constructing a family tree

The family tree — or pedigree — is a fundamental tool of the clinical
geneticist, who will routinely take a three-generation family history,
on both sides of the family, enquiring about details of all medical
conditions in family members, consanguinity, dates of birth and
death, and any history of pregnancy loss or infant death. The basic
symbols and nomenclature used in drawing a pedigree are shown
in Fig. 3.8.

Dominant inheritance

Consanguinity

X-linked recessive inheritance

Both sexes affected but only
inherited through female meiosis

Fig. 3.8 Drawing a pedigree and patterns of inheritance. [A] The main symbols used to represent pedigrees in diagrammatic form. [B] The main modes of disease

inheritance (see text for details).
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l__ Patterns of disease inheritance

Autosomal dominant inheritance

Take some time to draw out the following pedigree:

Anne is referred to Clinical Genetics to discuss her personal history
of colon cancer (she was diagnosed at the age of 46 years) and family
history of colon/endometrial cancer: her mother was diagnosed with
endometrial cancer at the age of 60 years and her cousin through her
healthy maternal aunt was diagnosed with colon cancer in her fifties.
Both her maternal grandmother and grandfather died of ‘old age’.
There is no family history of note on her father’s side of the family. He
has one brother and both his parents died of old age, in their eighties.
Anne has two healthy daughters, aged 12 and 14 years, and a healthy
full sister.

This family history is typical of an autosomal dominant condition (see
Fig. 3.8): in this case, a colon/endometrial cancer susceptibility syn-
drome known as Lynch syndrome, associated with disruption of one of
the mismatch repair genes: MSH2, MSH6, MLH1 and PMS2 (see Ch. 23
and Box 3.11).

Features of an autosomal dominant pedigree include:

e There are affected individuals in each generation (unless the patho-
genic variant has arisen de novo, i.e. for the first time in an affected
individual). However, variable penetrance and expressivity can
influence the number of affected individuals and the severity of dis-
ease in each generation. Penetrance is defined as the proportion of
individuals bearing a mutated allele who develop the disease phe-
notype. The variant is said to be fully penetrant if all individuals who
inherit a variant develop the disease. Expressivity describes the level
of severity of each aspect of the disease phenotype.

e Males and females are usually affected in roughly equal numbers
(unless the clinical presentation of the condition is gender-specific,
such as an inherited susceptibility to breast and/or ovarian cancer).

The offspring risk for an individual affected with an autosomal domi-
nant condition is 1 in 2 (or 50%). This offspring risk is true for each preg-
nancy, since half the affected individual gametes (sperm or egg cells) will
contain the affected chromosome/gene and half will contain the normal
chromosome/gene.

There is a long list of autosomal dominant conditions, some of which
are shown in Box 3.4.

Autosomal recessive inheritance

As above, take some time to draw a pedigree representing the following:

Mr and Mrs Kent, a non-consanguineous couple, are referred
because their son, Jamie, had severe neonatal liver disease. Included
among the many investigations that the paediatric hepatologist under-
took was testing for o -antitrypsin deficiency (Box 3.5). Jamie was
shown to have the PiZZ phenotype. Testing confirmed both parents as
carriers with PIMZ phenotypes. In the family, Jamie has an older sister
who has no medical problems. Mr Kent is one of four children with two
brothers and a sister and Mrs Kent has a younger brother. Both sets
of grandparents are alive and well. There is no family history of a,-an-
titrypsin deficiency.

This family history is characteristic of an autosomal recessive disor-
der (see Fig. 3.8), where both alleles of a gene must be mutated before
the disease is manifest in an individual; an affected individual inherits
one mutant allele from each of their parents, who are therefore healthy
carriers for the condition. An autosomal recessive condition might be
suspected in a family where:

e Males and females are affected in roughly equal proportions.

e Parents are blood-related; this is known as consanguinity. Where
there is consanguinity, the variant are usually homozygous, i.e. the
same mutant allele is inherited from both parents.

¢ |ndividuals within one sibship in one generation are affected and so
the condition can appear to have arisen ‘out of the blue’.

3.4 Genetic conditions dealt with by clinicians in other

specialties

Name of condition Gene Reference

Autosomal dominant conditions

Autosomal dominant polycystic kidney PKD1 (85%), p. 579

disease (ADPKD) PKD2 (15%) Box 18.28
Tuberous sclerosis TsC1 p. 1114
75C2
Marfan syndrome FBN1 p. 445
Long QT syndrome KCNQ1 p. 418
Brugada syndrome SCN5A p.418
Neurofibromatosis type 1 NF1 p. 1185
Box 28.76
Neurofibromatosis type 2 NF2 p.1185
Box 28.76
Hereditary spherocytosis ANK1 p. 956
Vascular Ehlers—Danlos syndrome (EDS COL3A1 p. 980

type 4)

Hereditary haemorrhagic telangiectasia ENG, ALK, p. 980

GDF2
Osteogenesis imperfecta COL1A1, p. 1058
COL1A2
Charcot—Marie—Tooth disease PMP22, MPZ,  p.1193
GJB1
Hereditary neuropathy with liability to PMP22
pressure palsies
Autosomal recessive conditions
Familial Mediterranean fever MEFV p. 76
Mevalonic aciduria (mevalonate kinase MVK p. 76
deficiency)
Autosomal recessive polycystic kidney PKHD1 Box 18.28
disease (ARPKD)
Kartagener syndrome (primary ciliary DNAIT Box 17.30
dyskinesia)
Cystic fibrosis CFTR1 p.510
Box 17.30
p. 854
Pendred syndrome SLC26A4 p. 667
Congenital adrenal hyperplasia-21 CYP21A p. 689
hydroxylase deficiency Box 20.27
Haemochromatosis HFE p. 906
Wilson’s disease ATP7B p. 907
Alpha-1-antitrypsin deficiency SERPINAT p. 908
Gilbert syndrome UGT1A1 p. 908
Benign recurrent intrahepatic cholestasis ATP8B1 p.912
Alpha-thalassaemia HBA1, HBA2 p. 962
Beta-thalassaemia HBB p. 962
Sickle cell disease HBB p. 960
Spinal muscular atrophy SMNT p. 1171
X-linked conditions
Alport syndrome COL4A5 Box 18.28
p. 577
Primary agammaglobulinaemia BTK p. 74
Haemophilia A (factor VIII deficiency) F8 p. 981
Haemophilia B (factor IX deficiency) F9 p. 984
Duchenne muscular dystrophy DMD p. 1196
Box 28.90




l 3.5 Alpha-1-antitrypsin deficiency

Inheritance pattern

* Autosomal recessive

Genetic cause

* Two common variants in the SERPINAT gene: p.Glu342Lys and p.Glu264Val
Prevalence

e 1in 1500-3000 of European ancestry

Clinical presentation

e Variable presentation from neonatal period through to adulthood

o Neonatal period: prolonged jaundice with conjugated hyperbilirubinaemia or
(rarely) liver disease

e Adulthood: pulmonary emphysema and/or cirrhosis. Rarely, the skin disease,
panniculitis, develops

Disease mechanism

 SERPINAT encodes a,-antitrypsin, which protects the body from the effects of
neutrophil elastase. The symptoms of o, -antitrypsin deficiency result from the
effects of this enzyme attacking normal tissue

Disease variants

e M variant; if an individual has normal SERPINA7 genes and produces normal
levels of o -antitrypsin, they are said to have an M variant

e Svariant: p.Glu264Val variant results in o, -antitrypsin levels reduced to about
40% of normal

e Zvariant: p.Glu342Lys variant results in very little o, -antitrypsin

e PiZZ: individuals who are homozygous for the p.Glu342Lys variant are likely to
have o, -antitrypsin deficiency and the associated symptoms

e PiZS: individuals who are compound heterozygous for p.Glu342Lys and
p.Glu264Val are likely to be affected, especially if they smoke, but usually to a
milder degree

| 3.6 Duchenne muscular dystrophy
Inheritance pattern
o X-linked recessive
Genetic cause
e Deletions/variants encompassing/within the DMD (dystrophin) gene located at
Xp21
Prevalence
* 1in 3000-4000 live male births
Clinical presentation

e Delayed motor milestones

Speech delay

Grossly elevated creatine kinase levels (in the thousands)

Ambulation is usually lost between the ages of 7 and 13 years

Lifespan is reduced, with a mean age of death, usually from respiratory failure,

in the mid-twenties

e (Cardiomyopathy affects almost all boys with Duchenne muscular dystrophy and
some female carriers

Disease mechanism

e DMD encodes dystrophin, a major structural component of muscle
e Dystrophin links the internal cytoskeleton to the extracellular matrix

Disease variants

© Becker muscular dystrophy, although a separate disease, is also caused by
variants in the dystrophin gene

e |n Duchenne muscular dystrophy, there is no dystrophin protein, whereas in
Becker muscular dystrophy there is a reduction in the amount or alteration in
the size of the dystrophin protein

Approximately 1 in 4 children born to carriers of an autosomal reces-
sive condition will be affected. The offspring risk for carrier parents is
therefore 25% and the chances of an unaffected child, with an affected
sibling, being a carrier is 2/3.
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Examples of some autosomal recessive conditions, discussed else-
where in this book, are shown in Box 3.4.

X-linked inheritance

The following is an exemplar of an X-linked recessive pedigree (see Fig. 3.8):

Edward has a diagnosis of Duchenne muscular dystrophy (DMD,
Box 3.6). His parents had suspected the diagnosis when he was 3 years
old because he was not yet walking and there was a family history of
DMD: Edward’s maternal uncle had been affected and died at the age
of 24 years. Edward’s mother has no additional siblings. After Edward
demonstrated a very high creatinine kinase level, the paediatrician also
requested genetic testing, which identified a deletion of exons 2-8 of the
dystrophin gene. Edward has a younger, healthy sister and grandparents
on both sides of the family are well, although the maternal grandmother
has recently developed a cardiomyopathy. Edward’s father has an older
sister and an older brother who are both well.

Genetic diseases caused by variants on the X chromosome have spe-
cific characteristics:

e X-linked diseases are mostly recessive and predominantly affect
males who carry the mutant allele. This is because males have
only one X chromosome, whereas females have two (see Fig. 3.1).
Occasionally, female carriers may exhibit signs of an X-linked dis-
ease due to a phenomenon called skewed X-inactivation. All female
embryos, at about 100 cells in size, stably inactivate one of their
two X chromosomes in each cell. Where this inactivation is random,
approximately 50% of the cells will express the genes from one X
chromosome and 50% of cells will express genes from the other.
Where there is a mutant gene, there is often skewing away from the
associated X chromosome, resulting in an unaffected female carrier.
However, if, by chance, there is a disproportionate inactivation of the
normal X chromosome with skewing towards the mutant allele, then
an affected female carrier may be affected (albeit more mildly than
males).

* The gene can be transmitted from female carriers to their sons: in
families with an X-linked recessive condition, there are often a num-
ber of affected males related through unaffected females.

e Affected males cannot transmit the condition to their sons (but all
their daughters would be carriers).

The risk of a female carrier having an affected child is 25% or half of
her male offspring.

Mitochondrial inheritance

The mitochondrion is the main site of energy production within the
cell. Mitochondria arose during evolution via the symbiotic associa-
tion with an intracellular bacterium. They have a distinctive structure
with functionally distinct inner and outer membranes. Mitochondria
produce energy in the form of adenosine triphosphate (ATP). ATP
is mostly derived from the metabolism of glucose and fat (Fig. 3.9).
Glucose cannot enter mitochondria directly but is first metabolised
to pyruvate via glycolysis. Pyruvate is then imported into the mito-
chondrion and metabolised to acetyl-co-enzyme A (acetyl-CoA). Fatty
acids are transported into the mitochondria following conjugation with
carnitine and are sequentially catabolised by a process called p-oxida-
tion to produce acetyl-CoA. The acetyl-CoA from both pyruvate and
fatty acid oxidation is used in the citric acid (Krebs) cycle — a series
of enzymatic reactions that produces CO,, the reduced form of nico-
tinamide adenine dinucleotide (NADH) and the reduced form of flavine
adenine dinucleotide (FADH,). Both NADH and FADH, then donate
electrons to the respiratory chain. Here these elections are transferred
via a complex series of reactions, resulting in the formation of a pro-
ton gradient across the inner mitochondrial membrane. The gradient
is used by an inner mitochondrial membrane protein, ATP synthase,
to produce ATP, which is then transported to other parts of the cell.
Dephosphorylation of ATP is used to produce the energy required for

| many cellular processes.
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Each mitochondrion contains 2-10 copies of a 16-kilobase (kB) dou-
ble-stranded circular DNA molecule (MtDNA). This mtDNA contains 13
protein-coding genes, all involved in the respiratory chain, and the ncRNA
genes required for protein synthesis within the mitochondria (see Fig. 3.9).
The mutational rate of mtDNA is relatively high due to the lack of protection
by chromatin. Several mtDNA diseases characterised by defects in ATP
production have been described. Mitochondria are most numerous in cells
with high metabolic demands, such as muscle, retina and the basal gan-
glia, and these tissues tend to be the ones most severely affected in mito-
chondrial diseases (Box 3.7). There are many other mitochondrial diseases
that are caused by pathogenic variants in nuclear genes, which encode
proteins that are then imported into the mitochondrion and are critical for

energy production, e.g. most forms of Leigh syndrome (although Leigh
syndrome may also be caused by a mitochondrial gene variant).

The inheritance of mtDNA disorders is characterised by transmis-
sion from females, but males and females generally are equally affected
(see Fig. 3.8). Unlike the other inheritance patterns mentioned above,
mitochondrial inheritance has nothing to do with meiosis but reflects
the fact that mitochondrial DNA is transmitted by odcytes: sperm do
not contribute mitochondria to the zygote. Mitochondrial disorders tend
to be variable in penetrance and expressivity within families, and this is
mostly accounted for by the fact that only a proportion of multiple mtDNA
molecules within mitochondria contain the causal variant (the degree of
mMtDNA heteroplasmy).




Imprinting
Several chromosomal regions (loci) have been identified where gene

expression is inherited in a parent-of-origin-specific manner; these are
called imprinted loci. Within these loci the paternally inherited gene may

3.7 The structure of the respiratory chain complexes and
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be active while the maternally inherited may be silenced, or vice versa.
Variants within imprinted loci lead to an unusual pattern of inheritance
where the phenotype is manifest only if inherited from the parent who
contributes the transcriptionally active allele. Examples of imprinting dis-
orders are given in Box 3.8.

Somatic genetic disease

Somatic variants are not inherited but instead occur during post-zygotic
mitotic cell divisions at any point from embryonic development to late
adult life. An example of this phenomenon is polyostotic fibrous dysplasia
(McCune-Albright syndrome), in which a somatic variant in the G alpha
gene causes constitutive activation of downstream signalling, resulting in
focal lesions in the skeleton and endocrine dysfunction.

The most important example of human disease caused by somatic var-
iants is cancer (see Ch. 7). Here, ‘driver mutations’ occur within genes that
are involved in regulating cell division or apoptosis, resulting in abnormal cell
growth and tumour formation. The two general categories of cancer-caus-
ing variant are gain-of-function variants in growth-promoting genes (onco-
genes) and loss-of-function variants in growth-suppressing genes (tumour
suppressor genes). Whichever mechanism is acting, most tumours require
an initiating variant in a single cell that can then escape from normal growth
controls. This cell replicates more frequently or fails to undergo programmed
death, resulting in clonal expansion. As the size of the clone increases, one
or more cells may acquire additional variants that confer a further growth
advantage, leading to proliferation of these subclones, which may ultimately
result in aggressive metastatic cancer. The cell's complex self-regulating
machinery means that more than one variant is usually required to produce
a malignant tumour (see Fig. 7.3). For example, if a variant results in acti-
vation of a growth factor gene or receptor, then that cell will replicate more
frequently as a result of autocrine stimulation. However, this mutant cell will
still be subject to normal cell-cycle checkpoints to promote DNA integrity in
its progeny. If additional variants in the same cell result in defective cell-cycle
checkpoints, however, it will rapidly accumulate further genomic variants,
which may allow completely unregulated growth and/or separation from
its matrix and cellular attachments and/or resistance to apoptosis. As cell
growth becomes increasingly dysregulated, cells de-differentiate, lose their
response to normal tissue environment and cease to ensure appropriate
mitotic chromosomal segregation. These processes combine to generate
the classical malignant characteristics of disorganised growth, variable levels
of differentiation and numerical and structural chromosome abnormalities.
An increase in somatic variant rate can occur on exposure to external muta-
gens, such as ultraviolet light or cigarette smoke, or if the cell has defects in
DNA repair systems. Cancer is thus a disease that affects the fundamental
processes of molecular and cell biology.

Disorder Locus Genes Notes
Beckwith-Wiedemann 11p15 CDKN1C, Increased growth, macroglossia, hemihypertrophy, abdominal wall defects, ear lobe pits/creases and
syndrome IGF2, H19 increased susceptibility to developing childhood tumours
Prader-Willi syndrome 15q11-q13  SNRPN, Obesity, hypogonadism and learning disability. Lack of paternal contribution (due to deletion of paternal
Necdin and 15011-q13, or inheritance of both chromosome 15q11—q13 regions from the mother)
others
Angelman syndrome (AS) 15q11-q13  UBESA Severe mental retardation, ataxia, epilepsy and inappropriate laughing bouts. Due to loss-of-function
variants in the maternal UBE3A gene. The neurological phenotype results because most tissues express
both maternal and paternal alleles of UBE3A, whereas the brain expresses predominantly the maternal
allele
Pseudohypoparathyroidism  20q13 GNAS1 Inheritance of the variant from the mother results in hypocalcaemia, hyperphosphataemia, raised

parathyroid hormone (PTH) levels, ectopic calcification, obesity, delayed puberty and shortened 4th and
5th metacarpals (the syndrome known as Albright hereditary osteodystrophy, AHO). When the gene
variant is inherited from the father, PTH, calcium and phosphate levels are normal but the other features
are present. These differences are due to the fact that, in the kidney (the main target organ through
which PTH regulates serum calcium and phosphate), the paternal allele is silenced and the maternal
allele is expressed, whereas both alleles are expressed in other tissues
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Interrogating the genome: the changing

landscape of genomic technologies

Looking at chromosomes

The analysis of metaphase chromosomes by light microscopy was the
mainstay of clinical cytogenetic analysis for decades, the aim being to
detect gain or loss of whole chromosomes (aneuploidy) or large chromo-
somal segments (>4 million bp). More recently, genome-wide microarrays
(array comparative genomic hybridisation or array CGH) have replaced
chromosome analysis, allowing rapid and precise detection of segmental
gain or loss of DNA throughout the genome (see Box 3.3). Microarrays
consist of grids of multiple wells containing short DNA sequences (refer-
ence DNA) that are complementary to known sequences in the genome.
Patient and reference DNA are each labelled with a coloured fluorescent
dye (generally, patient DNA is labelled with a green fluorescent dye and
reference DNA with a red fluorescent dye) and added to the microar-
ray grid. Where there is an equal quantity of patient and reference DNA
bound to the spot, this results in yellow fluorescence. Where there is too
much patient DNA (representing a duplication of a chromosome region),
the spot will be greener; it will be more red (appears orange) where there
is 2:1 ratio of the control:patient DNA (representing heterozygous dele-
tion of a chromosome region; Fig. 3.10).

Array CGH and other array-based approaches can detect small chro-
mosomal deletions and duplications. They are also generally more sen-
sitive than conventional karyotyping at detecting mosaicism (where there
are two or more populations of cells, derived from a single fertilised egg,
with different genotypes). However, array-based approaches will not
detect balanced chromosome rearrangements where there is no loss or
gain of genes/chromosome material, such as balanced reciprocal trans-
locations, or a global increase in copy humber, such as triploidy.

The widespread use of array-based approaches has brought a num-
ber of challenges for clinical interpretation, including the identification of
copy number variants (CNVs) of uncertain clinical significance, CNVs of
variable penetrance and incidental findings. A CNV of uncertain clinical
significance describes a loss or gain of chromosome material where
there are insufficient data to conclude whether or not it is associated with
a learning disability and/or medical problems. While this uncertainty can
be difficult to prepare families for and can be associated with consider-
able anxiety, it is likely that there will be greater clarity in the future as we
generate larger CNV datasets.

A CNV of variable penetrance, also known as a neurosusceptibility
locus, describes a chromosome deletion or duplication associated with
a lower threshold for manifesting a learning disability or autistic spectrum
disorder. CNVs of variable penetrance are therefore identified at greater
frequencies among individuals with a learning disability and/or autistic
spectrum disorder than in the general population. The current under-
standing is that additional modifying factors (genetic, environmental or
stochastic) must influence the phenotypic expression of these neurosus-
ceptibility loci.
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Finally, an incidental CNV finding describes a deletion or duplication
encompassing a gene or genes that are causative of a phenotype or risk
unrelated to the presenting complaint. For instance, if, through the array
CGH investigation for an intellectual disability, a deletion encompassing
the BRCAT gene were identified, this would be considered an incidental
finding.

Looking at genes

I Gene amplification: polymerase chain reaction

The polymerase chain reaction (PCR) is a fundamental laboratory tech-
nique that amplifies targeted sections of the human genome for fur-
ther analyses — most commonly, DNA sequencing. The method utilises
thermal cycling: repeated cycles of heating and cooling allow the initial
separation of double-stranded DNA into two single strands (known as
denaturation), each of which serves as a template during the subsequent
replication step, guided by primers designed to anneal to a specific
genomic region. This cycle of heating/cooling and denaturation/replica-
tion is repeated many times, resulting in the exponential amplification of
DNA between primer sites (Fig. 3.11).

l Gene sequencing

In the mid-1970s, a scientist called Fred Sanger pioneered a DNA
sequencing technique (‘Sanger sequencing’) that determined the pre-
cise order and nucleotide type (thymine, cytosine, adenine and guanine)
in a molecule of DNA. Modern Sanger sequencing uses fluorescently
labelled, chain-terminating nucleotides that are sequentially incorporated
into the newly synthesised DNA, generating multiple DNA chains of dif-
fering lengths. These DNA chains are subject to capillary electrophoresis,
which separates them by size, allowing the fragments to be ‘read’ by a
laser and producing a sequence chromatogram that corresponds to the
target sequence (Fig. 3.12). Although transformative, Sanger sequencing
was difficult and costly to scale, as exemplified by the Human Genome
Project, which took 12 years to sequence the entire human genome at
a cost approaching 3 billion US$. Recently, DNA sequencing has been
transformed again by a group of technologies collectively known as
‘next-generation sequencing’ (NGS; Fig. 3.13). This refers to a family
of post-Sanger sequencing technologies that utilise the same five basic
principles:

e [ibrary preparation: DNA samples are fragmented (by enzyme
cleavage or ultrasound) and then modified with a custom adapter
sequence.

* Amplification: the library fragment is amplified to produce DNA clus-
ters, each originating from a single DNA fragment. Each cluster will
act as a single sequencing reaction.

e Capture: if an entire genome is being sequenced, this step will not
be included. The capture step is required if targeted resequencing is
necessary, such as for a panel gene test or an exome (Box 3.9).
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Fig. 3.10 Detection of chromosome abnormalities by comparative genomic hybridisation (CGH). Deletions and duplications are detected by looking for deviation
from the 1:1 ratio of patient and control DNA in a microarray. Ratios in excess of 1 indicate duplications, whereas ratios below 1 indicate deletions.
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Fig. 3.11 The polymerase chain reaction (PCR). PCR involves adding a tiny amount
of the patient’s DNA to a reaction containing primers (short oligonucleotides 18—21bp
in length, which bind to the DNA flanking the region of interest) and deoxynucleotide
phosphates (dATP, dCTP, dGTP, dTTP), which are used to synthesise new DNA and a
heat-stable polymerase. The reaction mix is first heated to 95°C, which causes the
double-stranded DNA molecules to separate. The reaction is then cooled to 50-60°C,
which allows the primers to bind to the target DNA. The reaction is then heated to
72°C, at which point the polymerase starts making new DNA strands. These cycles
are repeated 2030 times, resulting in exponential amplification of the DNA fragment
between the primer sites. The resulting PCR products can then be used for further
analysis — most commonly, DNA sequencing (see Fig. 3.12).

e Sequencing: each DNA cluster is simultaneously sequenced and
the data from each captured; this is known as a ‘read’ and is usu-
ally between 50 and 300 bases long (see Box 3.10 for a detailed
description of the three most commonly used sequencing methods:
synthesis, ligation and ion semiconductor sequencing).

e Alignment and variant identification: specialised software analyses
read sequences and compare the data to a reference template.
This is known as ‘alignment’ or ‘mapping’ and, although there are
approximately 3 billion bases in the human genome, allows the
remarkably accurate determination of the genomic origin where
a read consists of 25 nucleotides or more. Variants are identified
as differences between the read and the reference genome. For
instance, if there is a different nucleotide in half the reads at a given
position compared to the reference genome, this is likely to repre-
sent a heterozygous base substitution. The number of reads that
align at a given point is called the ‘depth’ or ‘coverage’. The higher
the read depth, the more accurate the variant call. However, in gen-
eral, a depth of 30 or more reads is generally accepted as producing
diagnostic-grade results.

Rather than sequencing only one small section of DNA at a time,
NGS allows the analysis of many hundreds of thousands of DNA
strands in a single experiment and so is also commonly referred to as
multiple parallel sequencing technology. Today’s NGS machines can
sequence the entire human genome in a single day at a cost of less
than 1000 US$.

NGS capture

Although we now have the capability to sequence the entire genome in a
single experiment, whole-genome sequencing is not always the optimal
use of NGS. NGS capture refers to the ‘pull-down’ of a targeted region
of the genome and may constitute several to several hundred genes
associated with a given phenotype (a gene panel), the exons of all known
coding genes (an exome), or the exons of all coding genes known to
be associated with disease (a clinical exome). Each of these targeted
resequencing approaches is associated with a number of advantages
and disadvantages (see Box 3.9). In order for NGS to be used for opti-
mal patient benefit, it is essential for the clinician to have a good under-
standing of which test is the best one to request in any given clinical
presentation.

Challenges of NGS technologies

Genomic technologies are transforming the way that we practise med-
icine, and ever faster and cheaper DNA sequencing offers increasing
opportunities to prevent, diagnose and treat disease. However, genomic
technologies are not without their challenges: for instance, storing the
enormous quantities of data generated by NGS. While the A, C, T and G
of our genomic code could be stored on the memory of a smartphone,
huge computers, able to store several petabytes of data (where 1 peta-
byte is 1 million gigabytes of data), are required to store the information
needed to generate each individual’'s genome.

Even if we can store and handle these huge datasets successfully,
we then need to be able to sift through the millions of normal variants to
identify the single (or, rarely, several) pathogenic, disease-causing variant.
While this can, to an extent, be achieved through the application of com-
plex algorithms, these take time and considerable expertise to develop
and are not infallible.

Furthermore, even after these data have been sifted by biocinforma-
ticians, it is highly likely that clinicians will be left with some variants for
which there are insufficient data to enable their definitive categorisation
as either pathogenic or non-pathogenic. This may be because we simply
do not know enough about the gene, because the particular variant has
not previously been reported and/or it is identified in an unaffected par-
ent. These variants must be interpreted with caution and, more usually,
their interpretation will require input from a genetics expert in the con-
